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Perceptual Learning of Lexical Tone Categories: an ERP Study 
Guannan Shen 
 
       Lexical tones have presented great difficulties for second language learners 
whose native language is non-tonal. A number of recent studies suggest categorical-
like perception of lexical tones by native Mandarin speakers. Can native speakers of 
non-tonal languages acquire categorical representations of lexical tones? Are there 
any differences between L1 and L2 tone perceptions? This study investigates brain 
responses to lexical tone categorization for three groups of adult listeners: 1) native 
English speakers who had no exposure to Mandarin before age 17, but took 
advanced Mandarin courses as adults; 2) naïve English speakers; and 3) native 
Mandarin speakers. Two tonal continua were derived from natural speech through 
interpolation within two tonal contrasts (Tone 1/Tone 4; Tone 2/Tone 3).  Firstly, 
category boundaries were examined through classic identification and discrimination 
tasks. Secondly, high-density electroencephalography (EEG) was used to record 
brain responses while participants listened to tones in two oddball paradigms: across-
category and within-category. If perception of lexical tones is categorical, cross-
category deviants are expected to elicit larger ERP responses (specifically, mismatch 
negativity (MMN) and P300) than within-category deviants. Both behavioral and 
ERP results indicate that lexical tones are perceived categorically by native Chinese 
speakers but not by inexperienced English speakers. Although English learners of 
	  
	  
Chinese demonstrated categorical perception in behavioral tasks, their ERP response 
did not differ between within- and across-category conditions, however, significantly 
greater P300 responses were observed. Acoustic cues and characteristics of L2 
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In recent years, there has been a surge in the number of American schools offering 
Chinese language instruction and in the number of adults becoming learners of Chinese as 
a foreign language (CFL). The Foreign Service Institute of the U.S. Department of State 
includes Chinese (Mandarin and Cantonese) in its list of designated “super hard” 
languages. Features of Chinese languages that make it difficult for CFL learners to acquire 
proficiency are varied, but one that is particularly well known is the tonal characteristics of 
Chinese phonology.  
A tonal language is defined as a language that uses tones (e.g., high, low, falling) 
to identify meaning differences between individual words. All languages convey meanings 
through tones at the sentence level (prosody), and 70 percent also use tones at the word 
level to determine lexical meanings (Burnham & Mattock, 2007). Over half of the world’s 
population speaks a tonal language (Fromkin, 1978). Lexical tones have presented great 
difficulties for second language (L2) learners whose native language is non-tonal. While 
this difficulty has been identified as a common one for learners of Chinese as a second or 
foreign language (Shen, 1989), the cause of the difficulties with acquisition of lexical tone 
is poorly understood. To understand the reasons underlying this difficulty, investigation 
into the nature of tone processing by native speakers of tonal and non-tonal languages is 
required, with observation of the processes of learning through both behavioral and 
neurophysiological measurements.  
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One foundational skill that appears to be important for successful discrimination of 
L2 sounds is categorical representation of the speech sounds, which facilitates efficient 
processing of phonological (speech sound) and accessing semantic (meaning) 
representations. Categorical perception (CP) is a well-known cognitive phenomenon that 
has been investigated in both visual and auditory modalities (see review, Harnad, 1987). It 
refers to the capacity to perceive within-category differences as much smaller (or less 
salient) than between-category differences even when the differences are of the same 
physical size along some relevant parameter (e.g., differences in chromatic properties, or 
changes in acoustic properties). CP consequently facilitates color recognitions ( Boynton 
1979; Roberson, 2005) and speech pattern recognitions (Kuhl et al., 2008; Werker & 
Byers-Heinlein, 2008; Werker & Lalonde, 1988; Werker & Tees, 2005), among many 
other phenomena. In the auditory modality, the human biological sensitivity to cross-
category differences is crucial for speech sound processing, the sorting of infinite complex 
acoustic sounds into finite representation categories (Kuhl, 2004). Holt, Lotto, and Deihl 
(2004) found that auditory discontinuities interact with phonetic categorization, making 
speech learnable for humans. On the other hand, difficulties with categorical perception of 
speech sounds have been argued to be one of the mechanisms that could underpin various 
kinds of language learning disability. For instance, increased perception of within-category 
differences in phonological processing was found in people with dyslexia, but not in adults 
who had never learned to read (Serniclaes & Ventura, Morais, & Kolinsky, 2005).   
Recent studies of categorical perception of speech usually use an acoustic 
continuum divided into perceptually equal steps. Correspondence between discrimination 
peaks (the most accurate identification of the speech sound) and the location of categorical 
	  
`	   3	  
boundaries (determined by identification task) is considered evidence of categorical 
perception (Figure 1) (Liberman et al., 1957). Using this classic paradigm, categorical 
boundaries of speech perception have been found along various continua, including voice 
onset time (e.g., voiceless /p/ vs. voiced /b/) (Breier, Fletch, Denton 2004; Liberman, et al., 
1961), place of articulation (e.g., alveolar /da/ vs. labial /ba/) (Cienfuegos, March, Sheley, 
1999, Liberman, et al., 1957), manner of articulation (e.g., /ma/ vs. /da/) (Miller, & Eimas, 
1977), and formants in vowels (e.g., /u/ vs. /i/) (Gerrits, & Schouter, 2004).  
 
Figure 1. Categorical perception and continous perception. (From Zhang, 2010) 
	  
An interesting aspect of categorical perception is how it changes during the course 
of development and learning. It has been generally accepted that newborn infants have 
biologically innate sensitivities to all phonetic categories, and that reorganization occurs 
within the first year resulting in language-specific “tuning” of perceptual systems (e.g., 
Kuhl, Williams, Lacerda, Stevens, & Lindblom, 1992; Maye, Werker, & Gerken, 2002). 
Werker et al. (1998) tested infants with a place-of-articulation continuum synthesized to 
include three Hindi categories that overlapped with two English phonemic categories. The 
results showed that infants exposed to English (not Hindi) nevertheless could discriminate 
all three contrasts within the continuum at age 5-8 months. However, infants 11 to 13 
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months old could only discriminate the English contrasts. Experience changes the 
phonological categorical representations by maintaining and sharpening categories 
relevant to the native language, while weakening representations of non-native contrast 
(e.g. Polka, Colantonio, & Sundara, 2001; Best & Strange, 1992; Burns, Werker, & McVie, 
2003; Tsao, Liu, Kuhl,  & Tseng, 2000).  This perceptual reorganization has been 
explained under the “native language magnet theory” (NLM; Kuhl, et al., 1992; Kuhl et al., 
2008), which states that there exists a system of phonetic prototypes that serve as 
perceptual magnets, increasing perceptual sensitivity near categorical boundaries.   
In part because perceptual reorganization occurs very early in life, late learning of 
a second phonological system (as in L2 learning in adults) is known to be particularly 
difficult (Werker, & Tees, 2005). As revealed in several behavioral training studies and 
event-related potential (ERP) studies, sensitivity to non-native phonetic contrasts may still 
be available in late second language learning (see Werker & Tees, 2005, for review). For 
example, in a categorical perception study of American English /r/ and /l/, native Japanese 
adults showed native-like categorical perception after extensive English conversation 
training (MacKain, Best, & Strange, 1981). Such findings have been taken to indicate that 
it is sometimes still possible for adult second language learners to establish categorical 
perceptions of non-native phonetic contrasts, given appropriate training and exposure.  
Although much work has been carried out to examine the categorical perception of 
consonants and vowels, relatively few investigations have focused on the categorical 
perception of suprasegmental information, including lexical tone. Results from several 
behavioral studies have indicated that Mandarin tones are perceived categorically by 
native speakers of Chinese, but not by inexperienced speakers of non-tonal languages (e.g., 
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Francis, Ciocca & Ng, 2003; Hallé, Chang & Best, 2004; Peng et al., 2010; Xu, Gandour 
& Francis, 2006). The “Perceptual Assimilation Model for Language Learners” (PAM-L2; 
Best, 1994; Best & McRoberts, 2003; Best & Tyler, 2007) was proposed to account for 
different patterns of L2 phonological learning, and to predict different levels of difficulty 
in learning non-native phonetic contrasts. The PAM-L2 proposed three phonological 
categorization patters: Two Category (two L2 categories assimilated to two different L1 
categories), single Category (two L2 categories assimilated to one L1 category), and 
Category Goodness (two L2 categories assimilated to tow L1 category with different 
levels of goodness of fit). The PAM-L2 also categorizes L2 speech sounds into three types: 
a good or even a poor exemplar of a L1 phonological segment (Categorized), or as unlike 
any single native phoneme (Uncategorized), or, in some rare cases, as a non-linguistic 
nonspeech sound (Non-Assimilated). According to the PAM framework, lexical tones 
should be classified as Uncategorized or Non-Assimilated for speakers of non-tonal 
languages, since they have no phonemically relevant counterpart in the native language 
(Hallé et al., 2004). It may be that the difficulty in learning lexical tones could be 
explained, at least in part, by a problem in reorganizing continuous acoustic information 
into discrete perceptual categories. The question arises whether native speakers of a non-
tonal language can successfully acquire lexical tone categories through the experience of 
second language learning.  
In neuroelectrophysiology, specific electrical potentials generated by the brain can 
be identified as signatures of brain activity associated with specific cognitive processes. 
One such brain signature, the mismatch negativity (MMN), is a well-studied frontal central 
cortical event-related potential (ERP) associated with automatic involuntary sound 
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processing. MMN, which is elicited in response to deviant stimuli in an auditory train 
(referred to as an “oddball paradigm”) reflects the neural activity associated with change 
detection mechanisms in the auditory system, and eliciting this component does not 
require listeners’ conscious attention (Näätänen, 2001). The amplitude of MMN increases 
as the acoustic discrepancy between standard and deviant stimuli increases. Also, 
familiarity enhances MMN responses. For example, native-language phonemes elicit 
enhanced MMN responses in comparison with non-native speech sounds (Näätänen & 
Alho, 1997), and similarly, meaningful real words elicit enhanced MMN compared to 
pseudowords (Pulvermüller, Härle, & Hummel, 2001).  
Since the MMN is sensitive to the degree of acoustic discrepancy between oddball 
and standard stimuli in an acoustic train, and is associated with pre-attentional auditory 
processes, it provides a means to evaluate the electrophysiological correlations of 
categorical perception. Studies have supported the feasibility of this approach. For 
example, in a cross-language speech perception study, a large MMN was elicited by native 
across-category deviants, but not by non-native or within-category deviants (Dehaene-
Lambertz, 1997). The study of categorical perception of phonemes as reflected in larger 
MMN amplitudes for across-category deviants compared to within-category deviants has 
been replicated in several studies (e.g., Winkler et al., 1999; Kasai et al., 2001; Kazanina 
et al., 2006). 
The P300 is another electrical brain signature – a positive voltage shift that is 
observed over centroparietal regions. P300 is usually elicited by the same oddball 
paradigm as the MMN, but unlike MMN (which reflects automatic unconscious change 
detection), the P300 corresponds with attentional detection of acoustic deviance based on 
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context updating and memory storage, and has often been used as an index for 
phonological discrimination (e.g. Frenck-Mestre et al., 2005). The amplitude of P300 is 
modulated by participants’ level of arousal and by their allocation of attentional resources 
– the more demanding the task, the smaller the amplitude of the P300 (e.g., Polich, 2007). 
The combination of MMN and P300 has been used to examine different stages of auditory 
processing: an early, pre-attentive stage (indexed by MMN) and later attentive, conscious 
stage (indexed by P300) (e.g., Xi, Zhang, Shu, Zhang, & Li., 2010; Zhang, Xi, Wu, Shu, & 
Li, 2012). The proposed study uses both of these brain signatures to investigate the 
categorical perception of lexical tones. Firstly, the category boundaries will be determined 
by the results of the discrimination and identification tasks. Secondly, MMN and P300 
responses elicited by within-category and across-category oddball pairs will be compared 
with performance on behavioral tasks. The results will help us understand the nature and 
neural mechanism of lexical tone categorization, shed light on the auditory perceptual 
reorganization accompanied by second language learning, and provide insights into the 
underlying difficulties in the acquisition of a tonal language.    
The goals of the present study can be summarized as follows: 1) to validate the 
categorical nature of lexical tone perception by comparing both behavioral and 
neurophysiological responses to tone continua between native speakers of tonal and non-
tonal languages; and 2) to investigate whether it is possible for adult CFL learners to 
establish native-like categorical perception of lexical tones, as indexed by behavioral 
measurements neurophysiological indices of speech sound processing.  
This dissertation proposal is organized as follows: Chapter 2 provides an overview 
of categorical perception (CP) and related concepts from both the behavioral and the 
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neurophysiological literature. First, the motor theory (MT) and native language magnet 
(NLM) model are outlined, to provide background understanding of the mechanisms 
underlying CP. The second part of chapter 2 focuses on the typical analysis methods used 
in behavioral CP studies. The criteria for determining the presence of CP, and how 
responses are typically measured and analyzed, are detailed in this section. Finally in 
chapter 2, two ERP components widely used in speech perception studies are reviewed, 
and the reasons for selecting these components for studying the temporal processes that 
underpin CP are discussed. Chapter 3 focuses on the acoustic features of lexical tones and 
the nature of lexical tone processing, followed by reviews of previous studies on the 
learnability of lexical tones and related second language learning theories. Chapter 4 
describes the present study, including the research questions, hypothesis, and 
methodology. Chapter 5 contains the results and summary of the findings of the current 
study. Finally, Chapter 6 discusses the implications of the findings, as well as future 
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2. CATEGORICAL PERCEPTION OF SPEECH 
	  
	  
2.1 Theories of the Mechanisms Underlying Categorical Perception 
	  
2.1.1 The Motor Theory of speech perception  
	  
        The lack of invariance in the speech signal is a long-standing problem in speech 
perception research, and investigations of this issue have led to many discoveries. The 
physical acoustic properties of a phoneme in the speech stream may vary very widely due 
to factors such as context, speaker gender, voice quality, and co-articulation; yet that 
same phoneme will be recognized as such, without confusion or difficulty, by the 
population who speak the language. For example, the formant frequencies associated with 
an utterance of the consonant /d/ are different when followed by different vowels (Figure 
2). How is it possible for humans to map from infinitely complex acoustic information 
onto finite phonological representations? How is it possible to recognize speech without a 
one-to-one correspondence between acoustic information and perceived phonemes? 
Liberman et al. (1967) proposed that variant acoustic features of one single phoneme 
could be connected to the invariant (or less variant) articulatory gestures associated with 
that phoneme, and this proposal formed the basis for the Motor Theory of speech 
perception (MT).  According to MT, humans perceive speech sounds not merely as 
acoustic information, but as the intended phonetic gestures of the speaker (Liberman & 
Mattingly, 1985). Therefore, the process of speech perception includes a certain form of 
action perception. 
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Figure 2. Idealized spectrograms for three syllables. The dark lines indicate the frequencies at which 
power is concentrated in the spectrogram generated by an utterance of /d/ followed by three different 
vowels. The frequency sweep at the onset of each stimulus corresponds to the frequency property of 
/d/ sound in each syllable. The steady state portion corresponds to the vowels. The acoustic patterns of 
/d/ differ when preceeds different vowels. From Hickok, 2009.  
 
         The Motor Theory provides one possible explanation for the widely observed 
phenomenon of categorical perception of speech sounds (phonemes). The discontinuity of 
phonemic boundaries can be explained by the fact that speech production is realized 
through discrete articulatory gestures. On this view, important articulatory features of 
speech sounds include:  
1) Voice onset time (VOT) (e.g. Liberman, Harris, Kinney, & Lane, 1961). VOT is the 
acoustic feature of stop consonant production. It refers to the duration of the period 
of time between the release of plosive and the beginning of vocal cord vibration;  
2) Place of articulation (POA) (e.g. Miller & Eimas, 1977; Johnson & Ralston, 1994). 
POA refers to the point of contact when an obstruction is created in the vocal tract to 
produce the consonant;  
3) Manner of articulation (e.g. Fitch, Halwes, Erickson, & Liberman, 1980). It refers to 
the interactions of the articulators (such as lips, tongue and palate) when producing a 
speech sound.  
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During the past 50 years, the Motor Theory has developed three main claims: 1) 
speech processing is special with respect to general audition (Liberman & Mattingly, 
1989); 2) perceiving speech involves perceiving articulatory gestures; and 3) speech 
perception involves activation in the speech motor system. This theory has received 
considerable support from both behavioral and neurophysiological studies. For example, 
observations of the McGurk effect (McGurk & MacDonald, 1976) suggest that a 
mismatch between acoustic information and visible articulatory gestures (such as the 
gestures used to produce bilabial speech sounds) can affect the perception of speech 
sounds. In particular, the act of seeing a speaker producing one syllable, such as /ba/, 
while listening to a different syllable, such as /ga/, can affect how the sound is perceived 
– in this case, leading to a perception of a syllable like /da/, which is acoustically and 
visually midway between the two actual percepts.  
The discovery of mirror neurons, a class of neurons (in monkey area F5, the 
inferior frontal gyrus) that fire when an animal both acts and observes the same action 
performed by others, provides some neurophysiological evidence in support of the Motor 
Theory of speech perception (e.g., Rizzolatti & Arbib, 1998; Rizzolatti & Craighero, 
2004). Studies have shown that primate mirror neuron systems are activated when 
monkeys hear the sound of an action (Kohler, Keysers, Umilta, Foggiso, & Gallese, 
2002). It was suggested that mirror neurons mediate speech perception by providing a 
link between speech perception and production. The research on mirror neurons is 
promising, but because of limitations of experimental methods that can be used on human 
subjects, there is insufficient empirical evidence as to the relationship between mirror 
neurons and the subtle action/gesture that produces speech (Lotto, Hickok & Holt, 2009). 
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Substantial evidence exists that links Broca’s area and the motor cortex with 
speech perception. Using fMRI, Pulvermüller et al. (2006) showed that distinct motor 
regions in the pre-central gyrus, which are involved in articulatory movement of the lips 
and tongue, were differentially activated when subjects listened to lip- or tongue-related 
phonemes. Wilson et al. (2004) found that there is overlap between the cortical areas 
active during speech production and those active during passive speech listening. Two 
studies using transcranial magnetic stimulation (TMS) demonstrated activation of speech-
related muscle (e.g., tongues and lips) during the perception of speech (Fadiga, 
Craighero, Buccino & Rizzolatti, 2002; Watkins & Paus, 2004). Watkins and Paus (2004) 
applied TMS over the left primary motor cortex to measure motor excitability during four 
conditions: (1) listening to speech (Speech condition); (2) viewing of speech-related lip 
movements (Lips condition); (3) viewing of eye and brow movements (Eyes condition); 
and (4) listening to and viewing noise (Control condition). In addition, they used Positron 
Emission Tomography (PET) to determine whether changes in brain activation as 
indexed by cerebral blood flow were related to changes in evoked motor potentials from 
the lip muscles. The results of the experiment showed that the visual conditions (lips and 
eyes) did not produce any significant motor potential and did not differ from one another. 
In contrast, there were significant motor potentials in the Speech condition compared to 
the Eyes condition. These results support previous findings indicating that listening to 
speech increases the excitability of the motor system that is related to speech production 
(also seen in Fadiga, et al., 2002). Conversely, it has been found that TMS stimulation to 
the motor cortex at the motor lip area biases perception toward sounds formed by lip 
closure (e.g., /p/), and when stimulation moved to motor tongue areas, subjects 
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demonstrated a perceptual bias toward sounds that involve prominent tongue movement 
(D’Ausilio, Pulvermüller, Salmas, Bufalari, Begliomini, & Fadiga, 2009).   
A large amount of experimental evidence has supported the view that Broca’s area 
and the motor cortex are involved in speech perception. Still, it remains controversial 
whether the involvement of motor speech circuitry in speech perception is necessary. It 
has been documented that damage to left frontal regions can cause severe motor speech 
deficits, while speech recognition can remain intact (Goodglass, 2001). In fact, in a later 
study, Broca’s aphasics demonstrated normal auditory word comprehension ability 
comparable to that of control subjects (Moineau, et al., 2005). Even though there is 
increasing evidence to show the involvement of the motor cortex in categorical 
perception, the role of the motor cortex remains unclear. Hickok (2009) argues that 
motor-related processes modulate auditory speech recognition systems, in a top-down 
fashion.  
The Motor Theory provides useful insights into the possible mechanisms of 
categorical perception of speech, and offers one potentially explanatory framework. 
Nevertheless, some phenomena associated with categorical perception cannot be 
explained by the Motor Theory. For instance, the Motor Theory postulates that speech 
perception is “special” with respect to general audition, because humans have access to a 
specialized phonetic module. However, studies have shown that nonspeech sounds 
sharing the same acoustic features as phonemes are also perceived categorically. For 
example, a series of nonspeech stimuli that were manipulated to differ with respect to 
relative tone onset time (TOT) was found to be perceived categorically (Pisoni, 1977). 
The stimuli used in this study were tones varying in their onset time following another 
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tone with a higher frequency. A later study found that nonspeech sounds mimicking the 
temporal properties of VOT stimuli can also be perceived categorically (Holt, et al., 
2004). Moreover, Mirman and colleagues (2004) found that if nonspeech sounds are 
constructed to share some critical transient acoustic cues of consonants (e.g., VOT), the 
perception of these nonspeech sounds is categorical; otherwise, if the nonspeech sounds 
mimic steady-stage spectral cues of simplified synthetic vowels (filtered frequency bands 
of noise), perception occurs in a continuous (non-categorical) manner. In another study 
on CP in non-linguistic mode, Burns and Ward (1977) showed that melodic musical 
intervals are perceived categorically by trained musicians, but not by non-musically 
trained control participants. 
The phenomenon of CP has also been observed in non-human species. For 
example, the VOT feature is perceived categorically by chinchillas similarly to English-
speaking adults (Kuhl & Miller, 1975). An important fact about VOT is that there seems 
to be a threshold of 20 ms which marks the boundaries between aspiration and voiceless 
consonants. This boundary effect on VOT was also found in monkeys (Steinschneider, et 
al., 2005). The 20ms threshold is not limited to VOT features, but appears to be a more 
general temporal threshold in the auditory system across various different species. For 
example, mice were found to be able to categorize 50kHz sounds into two categories, 
sharply divided on a 25~30ms boundary (Ehret, 1992). 
To summarize, these CP studies using nonspeech sounds and evidence of animal 
CP indicate that CP is not restricted to speech sounds, and some acoustic features are 
perceived categorically by humans as well as by other species. Discontinuities in auditory 
perception are not unique to speech, or to humans. Categorically perceived acoustic 
	  
`	   15	  
features are not language-specific; rather, it appears that human languages utilized those 
acoustic features that lend themselves to categorical perception, and made use of 
perceptual discontinuities to facilitate discrimination of speech sounds.  
The Motor Theory provides a very useful model to explain categorical perception, 
and the proposed involvement of the motor speech system provides one way to explain 
the mapping between infinite acoustic patterns and limited phonetic categories. However, 
it does not explain the observed phenomena of categorical perception in non-speech 
modes and non-human species. Those observations indicate that discontinuous perception 
and non-linearity in the general auditory system are part of a broad biological 
endowment. Demonstrations of categorical perception for nonspeech sounds in infants 
(Jusczyk, Rosner, Cutting, Foard, & Smith, 1977; Jusczyk & Bertoncini, 1988) further 
support this view of an innate neurobiological pattern of auditory perception. It has been 
suggested that speech perception developed by building on this existing general 
perceptual discontinuity, rather than on specially evolved phonetic feature detectors 
(Kuhl, 2008).   
 
 
2.1.2  The Native Language Magnet (NLM) Theory  
	  
          Speech processing involves many resources, so there should be more than one 
mechanism supporting categorical perception. It has been widely observed that language 
experience can lead to perceptual reorganization. For example, Kuhl and colleagues 
(2006) found that American infants tested on the English /r/-/l/ contrast showed 
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significant improvement between 6 and 12 months of age, while Japanese infants who 
were tested on the same stimuli demonstrated a significant decrease in discrimination 
ability at the same age (Figure 3). Kuhl et al. (1994, 2008) developed the native language 
magnet (NLM) model to account for such perceptual reorganizations throughout the 
course of speech development. The NLM model proposes that, during the earliest stage of 
development, infants have the ability to discriminate all sounds of human speech, and 
those abilities derive from general auditory processing mechanisms. In phase 2, which 
begins around 6 months of age, the statistical frequency distributions of speech input 
together with infant-directed speech, which provides exaggerated acoustic cues, are 
“agents” of change. During the first six months of life, based on the native language input, 
language specific representations (“prototype”) start to develop, and serve as “perceptual 
magnets”. These magnets create a “warping” effect within the speech sound 
representational space, producing distortions that decrease perceptual sensitivity near 
category nodes while increasing perceptual sensitivity near between-category boundaries 
(Kuhl, et al. 1992; Iverson, & Kuhl, 2000). This distortion of the perceptual space in 
response to experience facilitates native language speech perception, and reduces 
sensitivity to acoustic information about non-native speech sounds.  
	  
Figure 3. The effect of age on the perception of /r-l/. (From Kuhl et al., 2006.) 
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          According to the NLM model, two factors contribute to the development of 
phonetic prototypes and perceptual reorganization: the distributional frequency of speech 
sounds, and exaggerated acoustic cues such as those provided in infant-directed speech. 
Maye et al. (2002) investigated whether infants are sensitive to distributional frequencies 
in speech input. A group of 6 and 8-month-old infants were presented with syllables from 
a continuum for two minutes. The infants who heard more frequent presentations of 
stimuli at the ends of the continuum demonstrated better discrimination of the sounds, 
while infants who heard more stimuli from the middle of the continuum were not able to 
discriminate the sounds. These data show that distributional frequencies of speech play an 
important role in early perceptual reorganization.  
Another line of research focused on the effect of exaggerated acoustic cues in 
infant-directed (ID) speech on the perceptual reorganization. Compared with adult-
directed (AD) speech, ID contains “stretched” acoustic cues of phonetic units, thus 
making them more discriminable (Kuhl, 1997; Burnham et al., 2002). A later study 
systematically investigated VOT in ID and AD speech, and found that differences in 
VOT in stop consonants were exaggerated in ID as opposed to AD speech. This 
difference was consistent throughout the first six months of infancy (Englund, 2005). Liu, 
Kuhl and Tsao (2003) measured the individual mothers’ vowels expansion pace during 
ID speech, and found a significant correlation between the degrees of acoustic cue 
stretching with the baby’s subsequent speech perception ability evaluated by head-turn 
tasks at the ages of 6-8 and 10-12 months. Also, infants have shown strong preferences 
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for speech sounds over non-speech sounds, and especially ID speech (Fernald & Simon, 
1984; Vouloumanous & Werker, 2004).  
The NLM model provides an interesting theoretical account of mechanisms 
underlying speech-induced perceptual reorganization, and research within this framework 
has supported the view that humans are born with innate perceptual abilities that 
capitalize on discontinuities. Based on behavioral and neurophysiological evidence, Kuhl 
(2004) proposed a concept of native language neural commitment (NLNC), which refers 
to physical changes in neural tissue and circuitry that reflect the statistical and perceptual 
properties of speech input during initial language exposure. These changes both reinforce 
the detection of acoustic information relevant to phonetic categories, and at the same time 
reduce sensitivity to alternative phonetic schemes. Using magnetoencephalography 
(MEG), Zhang et al. (2005) examined both the spatial location and time course of brain 
responses to native and non-native sounds, and found that non-native speech sounds 
evoked activation in a significantly larger area over a significantly longer duration, 
suggesting that the processing of non-native speech sounds recruited greater neural 
resources (Zhang, Kuhl, Imada, Kotani, & Tohkura, 2005). This finding provides 
evidence that the processing of native speech sounds is more efficient than non-native 
sounds and involves more focused neural regions.   
There are two important implications of the NLM model that relate directly to CP 
and second language learning. First, during the first year of development, our auditory 
perception categorization undergoes dramatic reorganization, from domain-general to 
language-specific. However, the ability to perceive non-native phonetic categories is not 
completely lost. Since areas other than speech-specific regions have to be involved in 
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perceiving non-native speech sounds, the process would be less efficient, hence the 
discrimination takes more effort. Second, language-specific reorganization during 
development starts with perception, and neural circuitries change according to the 
distributional patterns and acoustic cues of speech input. Therefore, sensory learning 
occurs first, and is then followed by the development of motor patterns. Support for this 
view comes from, for example, an MEG study on speech perception in infancy. Imada, 
Zhang, Cheour, Taulu, Ahone, and Kuhl (2006) compared auditory activation during 
presentations of syllable sounds among three groups of infants: newborn, 6-month old, 
and 12-month-old infants. Among all three groups, similar activation was found in the 
superior temporal lobe, an area associated with auditory perception. However, activation 
in the inferior frontal lobe, an area associated with speech production (i.e. Broca’s area), 
was found in 6-month infants, and increasingly so in 12-month-old infants, but not in 
newborn infants (Imada et al., 2006). This finding suggests that the involvement of motor 
speech cortex comes online relatively later in development, and this activation may 




2.1.3 Factors Affecting Categorical Perception  
	  
The most common factors that influence categorical perception are age, language 
experience, and acoustic information. As reviewed in section 1.3, the fact that some 
acoustic features are perceived categorically in non-human species suggests that this 
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perceptual non-linearity is based on general properties of the mammalian auditory 
system. Several studies on acoustic perception in infants have revealed that the perceptual 
boundaries associated with several acoustic features can be independent from linguistic 
experience.  
Voice-onset time (VOT) is an important acoustic cue in discriminating stop 
consonants (e.g. /b/, /p/). Behavioral data suggest the usual perceptual boundary lies 
between 20 and 40 milliseconds. Studies that have implemented a voicing continuum (0 
to 60 milliseconds) have shown that listeners identify sounds with 0 to 20ms VOT as 
voiced, and they discriminate sounds with 20 to 40ms VOT at chance level (Lisker, 
1975). Similar temporal-order acoustic features were mimicked on synthesized tones. 
Data from two to three-month old infants (using high amplitude sucking techniques to 
measure the babies’ level of attention to the various sounds) suggested adult-like 
temporal discontinuities in auditory perception, and that temporal-order sensitivity may 
account for the location of perceptual boundaries in the discrimination of voicing 
contrasts (Jusczyk, et al., 1977, 1998). This perceptual discontinuity in infancy was also 
investigated using neurophysiological measures. An auditory evoked response (AER) 
study investigated newborns’ neurophysiological responses to TOT continuums, and 
found brain responses indicating categorical discrimination in both the left and right 
hemispheres (Simos & Molfese, 1997). Such behavioral and neurophysiological evidence 
suggests that categorical discrimination of temporal voicing cues may have an innate 
basis, which is consistent with the basic claims of the NLM model. These findings 
suggest that there could be an innate hardwired threshold for the VOT feature. 
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Categorical-like perception of spectral cues is also observed in infants. Miller and 
Eimas (1977, 1980) created stimuli along a three-formant /ma/-/ba/ continuum and 
evaluated perceptual boundaries in both English-speaking adults and 2 to 4-month-old 
infants. The results demonstrated clear categorical patterns for the nasal-stop distinction 
in adults. Infants’ discrimination of within-category differences was relatively higher than 
that of adults. However, greater sensitivity appeared at boundaries of phonemic 
categories, suggesting the existence of the innate differential discriminability stimuli 
along the relevant acoustic continua – the basis for further phonemic categorization. Kuhl 
(1991) investigated the perception of vowel category /i/ in 6-month old infants using a 
synthesized vowel continuum, with stimuli that differed systematically from each other in 
their F1 and F2 frequency. The perceptual boundary effects found in this study were 
similar to those observed in adults (Iverson & Kuhl, 1995). These findings indicate that 
some speech sound categories are already becoming internally structured by 6 months of 
age.  
Recall that the NLM model places importance on both distributional frequencies 
and exaggerated acoustic cues form infant-directed speech for perceptual reorganization 
in the first year of life. Therefore, categorical perception should reflect the combination of 
at least two types of knowledge: innate perceptual nonlinearity, and perceptual 
experience. As discussed above, some studies have shown evidence to support the 
existence of an innately hardwired threshold for discriminating VOT. However, further 
experimental evidence reveals that this threshold can be altered through training later in 
life, though it requires much more effort and time. Such findings emphasize the 
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importance of perceptual experience in shaping the internal representations of phonemic 
categories.  
Holt et al. (2004) trained adult listeners to discriminate synthesized tones with 
TOT features, and found that categories separated by regions of high discriminability are 
more easily learned than those that are close to a perceptual threshold. However, the 
innate perceptual boundary doesn’t dictate the outcome of categorization learning. With 
extensive learning experiences, categorical reorganization can be achieved. For example, 
MacKain and colleagues (1981) investigated categorical perception of /r/ and /l/ in a 
group of Japanese speaking adults who had had extensive training in English 
conversation. The results showed this group had categorical perception similar to native 
speakers of English. On the other hand, the control group of Japanese speaking adults 
who were inexperienced in English performed at near-chance levels for all tasks. Such 
evidence is consistent with the NLM model: the phenomenon of categorical perception of 
acoustic features is based on the combination of innate biological perceptual discontinuity 
and speech learning experiences.  
 
 
2.2  Behavioral Methods for investigating Categorical Perception  
 
Identification (labeling) and discrimination tasks are typically used for the 
behavioral investigation of categorical perception. The stimuli are usually a continuum of 
sounds that change gradually with equal steps between two end points that are 
unambiguously perceived as two categories. In an identification task, each stimulus is 
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presented multiple times in random order, and participants are asked to identify each 
sound as a member of one of two categories.  In a discrimination task, two stimuli 
(usually adjacent to each other along a continuum) are presented one immediately after 
the other, and the participant is asked to make a judgment on whether they are the same 
or different.   
Evidence for typical categorical perception involves four characteristics (Rapp, 
1984): 1) in identification tasks, there is a sharp boundary between two categories; 2) in 
discrimination tasks, there is a peak at the categorization boundary; 3) again in 
discrimination tasks, when the two sounds presented are both from within the same 
category, discrimination performance is at or near chance level; 4) the discrimination task 
score (accuracy) can be fully predicted from performance on the identification task.  
 
2.2.1  Identification tasks 
	  
The statistical analysis of identification performance involves evaluation of 
boundary steepness, boundary position, and boundary width. The boundary position is 
generally considered as the 50% crossover point (the point at which identification 
accuracy is at 50%). The boundary width and steepness give insight into the sharpness of 
the boundary.  
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Figure 4. Schematic plots of identification responses. The average response over the whole continuum 
is shown at the bottom. A) Two sets of data differ in category boundaries, and the average information 
indicates the difference, but the boundary sharpness is the same, indicated by the slope of the lines. B) 
The two sets differ in boundary sharpness, but the position of the boundary is the same, indicated by 
the average. (From Frisch, Pierrehumbert, & Broe, 2004.) 
 
            Information about boundary steepness and width is obtained though the process of 
curve fitting. Categorization data are usually not linear or exponential; instead, they are 
generally S-shaped (Figure 4). The logistic function also has this shape and has values 
that fall between 0 and 1, so this is the ideal statistical tool to match the distribution of 
categorization data. After raw data have been transformed into a logistic function, 
category boundary and boundary steepness can be obtained by the following equation:  
                                                             
y = b0 +b1X 
         Plog is the smoothed version of raw data, or the proportion of one category, that can 
be plotted as an S-shaped function. x refers to input parameters, and here is used to 
indicate the “step number” – that is, the position occupied by an acoustic stimulus on the 
relevant continuum being evaluated. Y is a linear regression function, and b0 and b1 are 
two parameters estimated from the raw data through “maximum likelihood”.  Boundary 
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sharpness information can be obtained from b1 (Xu, Gandour, &Francis, 2006). 
Information about the boundary location can be calculated through X from the above 
equation when f(x) = 0.5.  
 
 
2.2.2  Discrimination Task  
	  
         A discrimination curve is obtained by connecting response to different step pairs 
along the continuum. If a continuum is perceived categorically, there should be a peak on 
the discrimination curve, and the peak location should correspond to the boundaries of 
two categories. The discrimination response (D) for each comparison unit is defined by 
the equation:  
D= P(‘S’/S)× P(S) + P(‘D’/D) × P(D) 
 
            The percentages of “same”(‘S’) and “different” (‘D’) responses of all the same (S) 
and different (D) trials in each comparison unit are represented by two conditional 
probabilities, P(‘S’/S) and P(‘D’/D) respectively. P(S) and P(D) are the two probabilities 
of S (AA or BB) and D (AB or BA) trials in each unit.  
           After the discrimination curve is plotted, the discrimination peak can be obtained. 
The discrimination scores for each pair are then compared by paired t-test or ANOVA 
(Pisoni, 1973). Another type of analysis is the comparison between obtained and 
predicted discrimination (Best, et al., 1981). 
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2.3 ERP Components for investigating Categorical Perception 
 
Electroencephalography (EEG) indexes brain activation by recording the electrical 
activity generated by large populations of neurons as summed voltages at the scalp. It is a 
non-invasive brain-imaging technique that can be applied repeatedly in individuals, and 
carries minimal risk. The high temporal resolution (millisecond precision) of this 
neurophysiological technique makes it very suitable for examining early brain responses 
and the temporal course of extremely rapid processes, such as auditory categorical 
perception.  
Event-related potentials (ERPs) are derived from the continuously recorded EEG 
by averaging together the time-locked or synchronized brain responses to multiple 
instances of a cognitive event – such as a sound being heard, or a word being recognized. 
By averaging multiple instances of a single cognitive event, the signal to noise ratio of 
recordings is enhanced and random unrelated activations are removed, so that, 
theoretically, only activations related to the event of interest are represented in the 
averaged data – referred to as the event-related potential (Luck, 2005). Several ERP 
components have been identified as reflecting periods during which particular processes 
are occurring. Some mid and later ERP components, such as MMN, N400, P600 etc., are 
found to be affected by language processes or to be correlated with specific linguistic 
functions. The present study uses two ERP components (MMN and P300) to investigate 
how different acoustic information can affect the temporal dynamics of brain activations 
associated with auditory discrimination.  
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2.3.1. The Mismatch Negativity (MMN) 
	  
The mismatch negativity (MMN) is a neurophysiological brain response that 
peaks around 150 to 300 milliseconds following stimulus onset, and is elicited by 
discriminable stimuli, usually through the oddball paradigm (Aaltonen, Niemi, Nyrke, & 
Tuhkanen, 1987; Friederici, 2002; Näätänen, Paavilainen, Rinne, & Alho, 2007). In the 
case of auditory stimuli, the MMN is an index of involuntary change detection in the 
stream of standard (same) stimuli, when a deviant (different) stimulus is presented 
(Näätänen, et al., 2007; Escera, Yago, Polo, & Grau, 2000). The deviant can be a simple 
change in an acoustic feature or a change in multiple features, and multiple deviants can 
be used within the same test run. The MMN is typically recorded without subjects’ focal 
attention. It can even be recorded during non-attentive states such as sleep, or in coma 
(Fisher, Morlet, & Giard, 2000; Atienza, et al., 2002). To distract their attention, subjects 
are often guided to focus on anther input, such as movies or books, while the auditory 
stimuli are presented. The MMN usually refers to the negative-going peak in the 
difference wave obtained after subtracting the average time-locked response elicited by 
standard sounds, from that elicited by deviants.  
The MMN component, which is a response to the deviant stimulus, is preceded 
by a complex of obligatory ERP responses to the standard stimulus (P1-N1-P2) that 
reflect sensory processing of stimuli in the absence of conscious attention, indicating 
activation associated with a cognitive matching system that compares sensory inputs with 
stored memory (Tremblay, Piskosz, & Souza, 2003). The N1 component peaks around 
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100 milliseconds after stimulus onset, while the P200 has a latency of 180 to 200 
milliseconds (Kreegipuu & Näätänen, 2011). 
 
2.3.1.1 The mechanisms and generators of MMN  
 
         A number of studies have investigated the neural mechanisms associated with the 
MMN response. It has been generally accepted that MMN is elicited due to violation of a 
sensory memory built by the standard stimuli in an auditory stream (May & Tiiitinen, 
2010). Studies using source localization techniques found that MMN is generated in 
primary and secondary auditory cortex, with an additional generator in the frontal cortex. 
Although the MMN is seldom affected by attention, the frontal generator of MMN is 
associated with involuntary attention switching process, an automatic orienting response 
to an acoustic change (Escera, et al., 2000). Therefore, the MMN is induced by at least 
two underlying processes: a sensory memory mechanism related to the superior temporal 
lobe, and an automatic attention-switching process related to the frontal lobe. The 
temporal lobe source may be responsible for analyzing physical information about the 
stimuli; whereas the frontal source may reflect reorientation of attention, which provides 
top-down control over the prior expectation (Garrido, et al., 2009).  
       The amplitude and latency of the MMN are influenced by various factors, including:  
(1) The discrepancy between standard and deviant. The more pronounced the deviance, 
the greater the MMN amplitudes (Escera, 2000). Large deviances can also cause very 
short latencies for the MMN peaks, which can result in MMN overlap with previous 
sensory ERP components (such as the N100) (Campbell, Winkler, & Kujala, 2007). 
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(2) The probability of deviance occurrence. MMN amplitude decreases as the deviant-
stimulus probability occurrence increases. The usual probability of deviant stimuli is 15-
20% of total trials.  
(3) The length of the inter-stimulus interval (ISI). No MMN is elicited when the ISI is 
long (several seconds). When there is a shorter ISI between the standards, the MMN 
amplitude tends to get larger (Näätänen & Picton, 1987; Sabri & Campbell, 2001). The 
most commonly used ISI is 100 – 800 milliseconds. 
(4) Familiarity. MMN responses to familiar (native) speech contrasts are left lateralized 
and show higher amplitude and shorter latencies compared to MMN responses to 
unfamiliar (non-native or L2) contrasts (Zevin, Hia, Maurer, Rosania & McCandliss, 
2010).  
 
2.3.1.2 The application of MMN  
 
This section mostly reviews studies of auditory MMN elicitation. However, the 
MMN can be elicited from other sensory modalities such as the somatosensory modality 
(Akatsuka, et al., 2005), and the visual modality (Razo-Alvarez, Cadaveira, & Amenedo, 
2003).  
Since MMN reflects accuracy of auditory discrimination, it has been used for 
clinical applications in conditions related to language and hearing. For example, different 
types of MMN abnormality have been observed in schizophrenia patients who have 
different types of dysfunctions (Näätänen & Kähkonen, 2009). Also, MMN has been used 
in studies of dyslexia, which is currently thought to be related to a dysfunction of the 
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phonological system (Schulte-Körne, Deimel, Bartling, & Remschmidt, 2001). Since 
MMN can be elicited either by changes to acoustic properties or by violating abstract 
phonological rules, it has been applied to help determine which aspects of auditory 
information are processed differently in dyslexia (e.g., Garrido, et al., 2009). Froud & 
Khamis-Dakwar (2012) used MMN to study speech sound processing in childhood 
apraxia of speech (CAS), and found that phonetic contrasts were not associated with 
significant MMN responses in children who have this speech sound production disorder. 
However, a MMN-like response to allophonic contrasts was evident in the CAS group, 
but not the typically-developing control group. These findings were used to support a 
view of CAS as more than just a problem with motor planning, since there appears to be 
an underlying representational deficit (possibly reflecting phonological over-
specification).  
MMN has been widely used in studies of cross-language speech perception, 
particularly because its amplitude is sensitive to language experience. Cheour et al. 
(1998) and Näätänen (1997) demonstrated that stimuli reflecting native-language 
phonological distinctions elicited significantly larger amplitude MMNs than non-native 
phonological contrasts. In particular, MMN is considered to be an important tool to study 
the neurophysiological response and temporal processes involved in categorical 
perception, since MMN amplitude is sensitive to acoustic discrepancies between standard 
and deviant stimuli. Recall that, if an acoustic feature is processed categorically, a 
continuum varying with respect to that acoustic feature is typically represented 
discontinuously. Therefore, deviants that carry across- and within-category acoustic 
information should elicit different brain responses, even when their physical distance 
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from the standard is the same. In other words, the across-category contrast should be 
more easily distinguished, and elicit larger amplitude MMN responses, than a within-
category contrast of the same acoustic size.  
This hypothesis has been tested using MMN in a number of studies. For example, 
Winker et al. (1999) synthesized two standard/deviant vowel pairs that represented an 
across-category contrast in one language (Hungarian) but a within-category contrast in 
another language (Finnish). Those two pairs were tested on two groups of participants 
who were native speakers of the two languages. MMN amplitudes were larger for across-
category contrasts than for within-category contrasts in both language groups. Such 
findings suggest that auditory perceptual discontinuities are evident at the early automatic 
stage of speech processing. Similar MMN studies have found evidences for early 
categorical processing of consonants (Sharma & Dorman, 1999; Dehaene-Lambertz, 
1997; Maiste & Wiens, 1995; Kasai et al., 2001), and vowel duration (Nenonen, et al., 
2005).  
 
2.3.2 The P300 component  
 
        P300 is a positive ERP component that peaks at 300 milliseconds or more (up to 900 
milliseconds) after stimulus onset, and is usually elicited using auditorily-presented 
stimuli in an oddball paradigm in adults (Polich & Kok, 1995; Toscano, McMurray, 
Dennhardt, & Luck, 2010). However, unlike MMN, which is elicited without subjects’ 
focal attention and is impervious to the experimental task, the P300 can only be elicited 
when the participant is actively engaged in the task of detecting deviant sounds. 
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Therefore, it depends heavily on the processing of stimulus context and on levels of 
attention and arousal (Polich & Kok, 1995). The P300 component is considered an index 
of conscious cognitive processing because it is observed during conscious discrimination 
tasks.  
 
2.3.2.1 The mechanism and generators of P300   
 
         P300 reflects cognitive activities including updating information from memory 
while participants attend to stimuli. The amplitude of P300 increases when the probability 
of the target is lower or when the target is more easily discriminated. P300 amplitude is 
associated with the amount and level of neurophysiological activation in response to 
incoming information (Polich, 2007). Figure 5 shows a context-updating model 
developed by Polich (2003) to explain the cognitive processes associated with P300 
elicitation. According to this model, attentional resources are allocated to sensory input, 
and a memory schema of stimulus context is built as successive standard stimuli are 
presented. If an incoming stimulus is not different from what has been stored in the 
working memory, only N1, P2, and N2 are evoked. However, if a change is detected 
through the context updating controlled by attention, P300 is elicited.  
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Figure 5. Shematic illustration of the P300 context-updating model. (From Polich, 2003). 
 
       Two subcomponents of the P300 have been described. The P3a, a frontal/central 
positivity that usually follows a MMN response, indexes orientation to a deviant stimulus 
in a passive task (Strange & Shafer, 2008), and is associated with novelty-related 
activations mostly in the inferior parietal and prefrontal regions (Linden, 2005). The 
other, referred to as the P3b, is generally observed as central/parietal positivity and is 
related to conscious attention to the stimuli (Katayama & Polich, 1996), with target-
related responses in parietal and cingulate cortex. Because P300 is not modality-specific, 
it may have multiple generators, with visual stimuli eliciting responses from inferior 
temporal and superior parietal cortex, and auditory stimuli eliciting superior temporal 
responses (Linden, 2005). P3b has a more frontal distribution (with different neural 
generators) and is generally elicited by stimuli that are either novel or highly salient 
(Polich, 2003; 2004; 2007). For the purposes of this study, the P3b subcomponent of the 
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The amplitude and latency of the P300 component are affected by:  
(1) The probability of the deviants. P300 increases in amplitude as the probability of a 
deviant stimulus occurrence decreases. Typical probabilities used range from 5 – 
20%. (Duncan-Johnson & Donchin, 1977, 1982; Johnson & Donchin, 1982). 
(2) Level of arousal and cognitive effort. Amplitude of the component is greater when 
the participant dedicates more effort to the task. As difficulty increases, latency 
increases and amplitude decrease. As participants’ confidence in discrimination 
decreases, amplitude decreases (Polich, 2007; Polich & Kok, 1995).  
(3) Location of the measured component. Latency is shorter over frontal areas and 
longer around parietal ones, and it also varies with the difficulty of discriminating 
the deviant from the standard stimuli (Polich, 2007). Amplitude of the P300 is also 
larger over parietal sites (Polich & Kok, 1995). 
 
 
2.3.2.2 The application of P300  
 
P300 has been used to investigate the influence of linguistic experience on speech 
perception. For example, for Japanese speakers who have difficulty discriminating /r/ and 
/l/ sounds, an oddball paradigm consisting of /r/ and /l/ did not elicit significant P300 
responses (Buchwald, et al., 1994). Frenck-Mestre et al. (2005) found that the amplitude 
of P300 responses elicited by non-native deviant and native standard phonemes in an 
oddball paradigm depends on how listeners categorize the deviant sound within their 
native phonological system. When the non-native phoneme was perceived to be in the 
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same category as the standard, no significant difference in P300 amplitude was observed; 
however, when the non-native deviant was perceived as a distinct phoneme, a 
significantly larger P300 component was evoked. Elicitation of the P300 component is 
not obligatory, so it can be a sufficient, but not necessary, index of phonological 
discrimination. Unlike the MMN, the P300 component has not been widely used to study 
categorical perception of speech. However, its validity as an index of CP is supported by 
a review of P300 studies in the visual modality.  For example, Holmes el al. (2009) 
investigated the categorical perception of colors using behavioral measures along with 
ERPs, and found enhanced P300 amplitudes associated with across-category deviants 
compared to within-category deviants.  
The combination of MMN and P300 is valuable for studying the temporal 
processing of speech sounds. Both components are elicited through oddball paradigms, 
but they reflect different levels of attention, different stages of processing, and different 
time windows following stimulus presentation. The MMN reflects the automatic, pre-
attentive detection of deviants in a train of stimuli, which characterizes the implicit, 
intuitive knowledge involved in both acoustic and phonetic classification (Näätänen et al., 
2007).  In contrast, the P300 indexes conscious change-detection, requiring attentive 
processing, and providing a window into explicit classification processes. Together, 
MMN and P300 can provide insight into when categorical processing occurs during 
speech sound recognition, and can permit distinctions to be drawn between early 
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3. PERCEPTUAL LEARNING OF LEXICAL TONES IN 
ADULTS 
 
3.1 Acoustic Characteristics of Mandarin Lexical Tones 
	  
Extensive studies have examined the nature of categorical perception (CP) in vowels 
and consonants, which are considered segmental information because they are discrete 
units in the stream of speech. Lexical tones are usually superimposed on vowels and 
extend throughout the syllable, and usually last for several hundred milliseconds, 
therefore tones are generally considered as suprasegmental (Wang, 1967).  
Lexical tones are pitch contours which are primarily determined by their 
fundamental frequency (F0), although intensity contours and duration can also serve as 
acoustic cues (Wang, Jongman, & Sereno, 2003). Fundamental frequency is a function of 
laryngeal muscle forces and vocal fold vibrations created by airflow from the lungs 
(Ohala, 1978). The F0 corresponds with the number of glottal pulse per second. Each 
glottal pulse corresponds to a single vibration of the vocal folds. Fundamental frequency 
correlates with vocal fold tension and some other factors, such as subglottal air pressure. 
Pitch is the perceptual correlate of F0. The average F0 is 85-155Hz for adult male 
speakers, and 165-255Hz for women. Children and infants have even higher F0, and it 
changes with age.  
Mandarin Chinese has four tones: high-level tone (T1), high-rising tone (T2), low-
dipping tone (T3), and high-falling tone (T4) (Figure 6). Each tone functions at the 
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syllable level, and determines the meaning that syllable carries. For example, the syllable 
/ma/ means “mother” with the high-rising tone (T1), “hemp” with T2, “horse” with T3 
and “scold” with T4.  
	  
Figure 6. F0 of four tones on the syllable /da/ pronounced by an adult male speaker. From Yeung, et 
al. 2013. 
 
F0 as the primary acoustic cue to the perception of Mandarin tones has been 
studied extensively. Gandour (1984) explored the role of F0 height and F0 contour in 
tone discrimination. The results suggested that while both dimensions are critical, 
Mandarin listeners seem to attach more importance to F0 contour rather than F0 height. 
Tsang (2011) investigated how pitch contour and height contributed to early tonal 
processing using MMN. For the height manipulation, Tsang used tones T6/T1 and T6/T3 
to represent large and small height differences, respectively. For the contour 
manipulation, T1/T2 and T6/T2 were used to represent pairs in which the contour differs 
early vs. late in the speech sound. All contrasts were found to elicit MMN responses, but 
larger MMN amplitudes and shorter peak latencies were associated with large height 
differences and early contour changes. This may indicate that both F0 contour and F0 
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height influence tone discrimination at early automatic processing stages, and that these 
dimensions both constitute important acoustic cues for early lexical tone identification 
and processing.  
Linguistic context is another significant factor that influences the perception of 
F0 contours. Because of the nature of lexical tones as suprasegmentals, tones are 
perceived relative to other tones, as well as in reference to the speaker’s F0 range (Moore 
& Jongman, 1997). Therefore, when tones are presented in a linguistic context, speakers 
of tonal languages demonstrated sharper category boundaries of tone perception than 
when they are presented in isolation (Fancis, etl al., 2003).  
The contrast between tone 2 and tone 3 is generally considered to be more 
challenging to learn for both native and second language learners because these two tones 
exhibit similar F0 contours. Specifically, tone 2 and tone 3 are identified based on two 
measures: turning point and ΔF0. Turning point is the point in time at which the contour 
changes from falling to rising, and ΔF0 is the frequency change from the tone onset to the 
turning point. Tone 2 typically has an earlier turning point and smaller ΔF0 than tone 3, 
providing vital distinguishing information (Shen, Lin, & Yan, 1993; Moore & Jongman, 
1997). In addition to the turning point of a pitch contour, duration is another temporal 
property of tones. Mandarin tones differ in terms of overall duration. Tone 2 and tone 3 
tend to be the longest, while tone 4 is usually the shortest (Blicher et al., 1990).  
 
3.2 Representations of Lexical Tones in the Brain 
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A widely accepted claim in psycholinguistics is that the left hemisphere is more 
adept at phonetic processing including phonemes, syllables, and words in right-handed 
individuals (Kimura, 1973). Converging evidence from brain-imaging studies has 
supported this view. While specialization in language processing is considered to be left-
lateralized, the processing of music, pitch contours, and intonations associated with 
affective prosody are argued to be primarily processed in the right hemisphere (Breier et 
al., 1999; Repp & Lin, 1990). For example, right hemisphere dominance was reported in 
the processing of speech intonation (Shipley-Brain et al., 1998), while damage to the right 
hemisphere interferes with the production of prosody (Edmondson et al., 1987).  
The fact that lexical tones are linguistically meaningful and at the same time tonal 
raises an interesting question: is the processing of lexical tone left-lateralized, similar to 
the linguistic processing, or right-lateralized, resembling the processing of music and 
intonation? A number of studies have suggested that lexical tones are predominantly 
processed on the left hemisphere. In an early behavioral study, Van Lancker and Fromkin 
(1973) compared the processing of Thai lexical tones, consonants, and hums that carry 
pitch contours in a dichotic-listening task. The results revealed a left hemisphere (right 
ear) advantage for both tone and consonant tasks, but not for the hum task. This suggests 
that when tones are processed linguistically, they are primarily processed in the left 
hemisphere. In contrast, English speakers showed no significant ear advantage for either 
the tone or hum condition. Similar results were found in a dichotic perception study 
comparing Chinese and English speakers’ perception of Mandarin tones (Wang, Jongman, 
& Sereno, 2001). Evidence of left-lateralized lexical tone processing has also been found 
in aphasia patients. Research with left-hemisphere-damaged aphasics indicated that there 
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were no differences in language impairment between speakers of tonal and nontonal 
languages (Gandour, 1998). Studies with left-hemisphere-damaged aphasics reported that 
patients who speak a tonal language showed impaired lexical tone judgments (Gandour 
and Dardarananda, 1983; Liang & Van Heuven, 2004).  
Modern functional brain imaging studies have explored pitch processing in speech 
and nonspeech conditions in different language groups. In a PET study, Chinese and 
English speakers were asked to complete lexical tone judgment tasks. Inexperienced 
English speakers demonstrated activity in the right inferior frontal cortex, whereas 
Chinese speakers showed additional activation in frontal, parietal and parieto-occipital 
regions of the left hemisphere. These prominent hemisphere differences indicate that 
pitch processing in a linguistic context preferentially activates speech-related regions of 
the left hemisphere (Klein, et al., 2001). In another PET study, Gandour et al. (2000) 
required native speakers of Thai, Chinese and English to perform discrimination tasks in 
three conditions: Thai lexical tones, nonspeech pitch contours, and consonants. All three 
groups showed left-lateralized activation in the consonants condition, but only Thai 
speakers demonstrated activation of language-related cortical areas in the left hemisphere 
during the lexical tone condition. The differential patterns of brain activation across 
language groups and tasks suggest that pitch patterns are processed at higher cortical 
levels based on their linguistic function in a particular language (Gandour et al., 2000). 
These studies indicate that, even though the acoustic features of lexical tones resemble 
music and affective prosody, lexical tones elicited activations in a similar way as 
segmental units.  
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However, the results of imaging studies on the lateralization of lexical tone 
processing have not been consistent. Right lateralization for tone processing was reported 
from several MMN studies (e.g. Luo, et al., 2006; Ren, Yang & Li, 2009). Results from 
an fMRI study indicated production of both lexical tones and vowels elicited left-
lateralized activation, but tones also elicited significant activation in the right inferior 
frontal gyrus (Liu et al., 2006). Another fMRI study compared the activation during a 
phonological matching task, and found significant right lateralization for the tone 
condition, compared to the consonant and rhyming condition. It was argued that the 
neural circuitry subserving the tone processing is different from the phoneme processing.  
Several studies have examined the online processing of lexical tone information in 
a linguistic context using ERPs. N400 is a negative-going ERP component that peaks at 
approximately 400ms following stimulus presentation (e.g., Kutas & Hillyard, 1980). It 
reflects a word’s expectancy and degree of association with its context (Kutas & 
Federmirer, 2000). The amplitude of the N400 is sensitive to the level of expectancy, 
meaning that less-associated and less-expected words elicit N400 ERPs with larger 
amplitudes (Brown & Hagoort, 1993; Kutas et al., 1988). Brown-Schmidt and Canseco-
Gonzalez (2004) created sematic anomalies by manipulating lexical tones or syllables in 
sentence-final words, to evaluate whether violations at the segmental and suprasegmental 
levels could result in changes to the N400 component.  The results indicated that both 
types of semantic violations elicited N400 ERPs with similar amplitudes and latencies, 
suggestive that the lexical tones are processed similarly to phonetic units (also in 
Schirmer et al., 2005; Shuai & Gong, 2014). In a later study, the effects of lexical tone 
violation were compared with pitch accent violations, to investigate different effects of 
	  
`	   42	  
similar acoustic variations functioning at lexical and sentential levels, respectively. The 
N400 was elicited by lexical tone violations 90 milliseconds earlier than to the pitch 
accent violations, which was interpreted as suggesting that lexical meaning was processed 
earlier than sentence meaning conveyed by pitch during speech processing (Li, Yang & 
Hagoort, 2008). These converging findings are consistent with earlier claims that lexical 
tone functions at the segmental level, alongside phonemic representations (Wang, 1973).  
The processing of lexical tones has also been compared with processing of 
musical pitches. Nan et al. (2009) produced four-syllable phrases containing lexical tone 
violations (semantic expectancy violations) and four-note musical phrases with pitch 
violations at the end, and recorded EEG from native speakers of Mandarin Chinese who 
are also professional musicians, as they listened to both the linguistic and the musical 
stimuli. N400 was elicited only by lexical tones, reflecting the semantic violations 
induced by inappropriate tones. Both anomalies elicited a Late Positive Complex (LPC), 
which reflects the detection of rule violations in various domains. However, the LPC was 
left lateralized for tonal violations, and right-lateralized for music, suggesting that the 
processing of pitch involves different neural resources in linguistic and musical contexts. 
This finding strongly suggests that the neural patterns of pitch processing are determined 
by the particular function that is carried by the pitch information (Nan, Frederici, Shu, & 
Luo 2009).   
Even though it still remains controversial whether the processing of lexical tone is 
left or right lateralized, it is clear that activations in both hemispheres are involved. 
However, the exact roles of the two hemispheres in tone processing are yet to be 
elucidated.  
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3.3 Categorical Perception of Lexical Tones   
 
Several studies have investigated the categorical (or non-categorical) nature of 
lexical perception using the classical behavioral measures derived from discrimination 
and identification tasks. The earlier CP studies on lexical tones did not produce consistent 
results. Abramson (1979) found that Thai listeners exhibited continuous perception of 
Thai level tones, whereas Wang (1976) found evidence of a peak in discrimination rate 
corresponding to identification of the perceptual boundary between Tone 1(high-level) 
and Tone 2 (high-rising). Francis et al. (2003) suggested that that the incongruity may 
perhaps be related to the difference between level tone and contour tones. They selected 
Cantonese tones for their CP study, because Cantonese has three level tones and three 
contour tones. Three ten-step tone continua were synthesized between 1) high- and low-
level tones, 2) low-rising and high-level tones, and 3) low-falling and high-rising tones. 
As predicted, CP was only found in contour tone contrasts, while level tone contrasts 
were perceived in a more continuous manner. An additional experiment tested the effect 
of presentation contexts, and revealed that presenting stimuli in speech contexts such as 
short sentences or phrases can improve the determination of category boundaries, and 
increase discrimination accuracy, especially in discriminating between contour and level 
tones (Francis, Ciocca, & Ng, 2003).   
Based on the previous finding, one can assume that Mandarin tone pairs should 
be perceived categorically, since there is only one level tone (T1) in Mandarin. Later 
studies on CP of lexical tones supported this view. Hallé et al. (2003) compared the 
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performance of Mandarin and French listeners on the perception of Mandarin tones in a 
classical categorical perception examination using three eight-step continua between 
T1/T2, T2/T4, and T3/T4 in the context of four-syllable phrases. The target syllable 
varied only in F0, while amplitude, duration and formants were kept constant. The results 
suggested that Mandarin speakers perceive all three continua in a categorical manner, 
implying a well-defined and finite set of linguistic categories of tones in native speakers 
of Mandarin, whereas French speakers’ perception of tones relies on acoustic information 
rather than linguistic categories. This result was successfully replicated in later studies 
comparing CP of tones between Chinese and German speakers (Peng, Zheng, Gong, 
Yang, Kong & Wang, 2010), and English and Chinese speakers (Xu, Gandour & Francis, 
2006).  
As reviewed in section 2.3, the ERP components MMN and P300 have been 
shown to be very useful tools for studying the temporal processing of speech sounds. A 
few recent studies have investigated the categorical perception of tones using ERP 
components as outcome measures. Xi and colleagues (2010) used ERPs to investigate the 
categorical perception of lexical tone by native speakers of Mandarin. In this study, 11 
steps with equal distances between falling (T4) and rising tones (T1) were synthesized 
and 16 native Chinese-speaking adults carried out an identification task. Within- and 
across-category oddball pairs were chosen based on the results of behavioral 
identification tasks. The results of the ERP analysis revealed that across-category 
deviants elicited a larger MMN over the left recording sites as compared to within-
category deviants. This finding was interpreted as evidence that lexical tones in Mandarin 
are perceived categorically by native speakers of Mandarin. Following this MMN study, 
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the same group of researchers evaluated the CP of the same tone continuum in an 
attentional condition (i.e., requiring participants to consciously respond to the different 
stimuli, usually via button-press to indicate their classifications), and found that a larger 
P300 was elicited by across-category deviants than within-category deviant over left 
hemisphere recording sites, even though the main effect of deviant type was not 
significant (Zhang, Xi, Wu, Shu & Li, 2012).   
The results of these two ERP studies provided neurophysiological evidence of 
categorical perception of lexical tones at both early pre-attentional processing stages and 
at later attentional stages. However, it remains unclear whether those neurophysiological 
responses can be observed in non-native speakers of tonal languages. The present study 
will try to answer this question, by investigating whether the MMN response can be 
elicited from native speakers of a non-tonal language in response to lexical tones.  
 
3.4 Acquisition of Lexical Tones  
 
3.4.1 The Critical Period Hypothesis and Age of the Learners  
	  
Widely observed differences between language acquisition during childhood and 
during adulthood have motivated extensive study on the effect of age on language 
learning. The notion of a critical period has been influencing biobehavioral research for 
the last half-century (e.g., Scott & Marston, 1950). This concept was adapted to the field 
of language learning by Lenneberg (1976), who argued that there are biological 
constraints on learning a language after a window of opportunity in development that 
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lasts from birth until the onset of puberty. He proposed that maturation and linguistic 
experience lead to specialization of the left hemisphere for language. According to the 
Critical Period hypothesis, attempts to achieve native-like linguistic performance after the 
critical period are unlikely to be successful, since language can no longer be acquired 
through specialized neural systems, but must be learned through more general learning 
mechanisms.   
Evidence in support of the effects of a Critical Period for language acquisition 
comes from several seminal studies. For example, Johnson and Newport (1989) 
systematically examined L2 speakers’ knowledge of grammatical structures of English 
using a grammaticality judgment task. The participants were 46 native speakers of 
Chinese and Korean, who were students or professors at an American university and had 
lived in the U.S. for at least 3 years. The results showed a strong correlation between the 
percentage of correct responses and age at the time of arrival (AOA) to the host country, 
indicating that the later the arrival, the lower the accuracy of grammaticality judgments in 
the L2. In addition, the authors observed a significant correlation between accuracy and 
AOA for those listeners who had arrived in the U.S. by age 15. This correlation was not 
significant for the listeners who had arrived after 17 years of age. Results from several 
brain-imaging studies also support the Critical Period hypothesis. Kim, Relkin, Lee, and 
Hirsch (1997) examined the cortical areas associated with first and second language 
processing using functional magnetic resonance imaging (fMRI), and found that the two 
languages elicited activation in overlapping cortical areas for early L2 learners, but not 
for late L2 learners. These results suggested that delays in second language learning 
might result in different neural representations for first and second languages.   
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Age of acquisition also constrains the development of phonological system. As 
reviewed in section 2.2, according to the NLM model, perceptual reorganization occurs in 
the first year of life based on distributional frequency and acoustic cues of speech input. 
For example, Werker et al. (1981) compared the perception of a phoneme contrast 
common in both English and Hindi (/ba/-/da/) and a Hindi-only contrast (/ta/-/Ta/) in 
three groups of listeners: English infants aged 6-8 months, English adults, and Hindi 
adults. The results indicated that all three groups could distinguish the common contrast 
(/ba/-/da/), but only English infants and Hindi adults showed discrimination of the Hindi 
contrast. A later study indicated that by 10 to 12 months of age, the English infants no 
longer discriminated between the non-English speech sound contrasts (Werker & Tees, 
1984).  
Several studies have attempted to establish the precise time window of the critical 
period. Houston, Ying, Pisoni and Kirk (2003) examined phonetic perception in children 
with cochlear implants, and found that children implanted prior to age 2 were able to 
discriminate basic speech sound contrasts 6 to 10 months post implantation. However, 
when investigating higher levels of phonological function, such as associating sounds 
with objects, the researchers observed that infants implanted prior to 14 months of age 
performed better than infants implanted between 15 and 23 months (Houston et al., 
2003). For second language learning under normal conditions, converging evidence has 
indicated that the optimal period for phonetic perception occurs between 4 and 8 years of 
age (see review Werker & Tees, 2005). Mack and Blumstein (1983) found that bilinguals 
who acquired their second language around 4 to 8 years of ages have difficulty 
discriminating between certain L2 phonemes. Similar results were found by Flege (1991) 
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in a study on the discrimination of phonemes distinguished by VOT in Spanish-English 
bilinguals.  
Flege (1991) provided a theoretical explanation of this optimal period for phonetic 
learning. He posited that for individuals who begin learning an L2 before the age of 
around 5-7 years, additional phonetic categories are established for similar L2 sounds; 
whereas for individuals learning L2 after the optimal period, additional phonetic 
categories are not easily established, leading to the difficulties in both perceptual 
discrimination and production. However, given sufficient input, adult L2 learners are able 
to establish new phonetic categories. The last claim is consistent with the NLM model in 
that, even though perceptual reorganization occurs in the first few years of life results in a 
decline in the ability to perceive non-native sounds, this ability nevertheless remains 
available throughout adulthood.  
A number of studies investigated what happens to L2 learning after the offset of 
the critical period. For example, Tees and Werker (1984) found that late L2 learners with 
higher proficiencies showed superior discrimination of L2 contrasts over less proficient 
speakers. Also, laboratory training in adulthood can lead to improvement in nonnative 
speech perception (Logan & Pruitt, 1995). Two factors have been found to influence the 
outcome of L2 phonological learning:  
(1) The similarity/dissimilarity between native and nonnative contrasts and the 
phonological categories used in the native language (Best, 1995; Flege, Bohn, & Jang, 
1997). According to the perceptual assimilation model for second language (PAM-L2) 
(Best & Tyler, 2007), non-native speech sound segments tend to be perceived according 
to their similarities to and dissimilarities from native-language speech sounds. For 
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example, in a Two-Category (TC) assimilation pattern, each of two non-native sounds is 
assimilated to a different native phoneme category. Discrimination of both L2 sounds is 
expected to be excellent for these contrasts, because they are mapped onto distinct 
categories. In a Single-Category (SC) assimilation pattern, however, two L2 sounds are 
equally assimilable to one native phonetic category. Therefore, poor discrimination is 
expected, because both are perceived by the non-native listener as if they belong to the 
same speech sound category. 
(2) Relative frequency of exposure to distributional characteristics of the speech 
sounds (Maye & Gerken, 2000). As reviewed in section 2.2, the distributional frequencies 
of speech sounds can influence perceptual reorganization in both infants and adults 
(Maye et al., 2002). Adult listeners who heard more instances of speech sounds near 
categorical boundaries demonstrated better discriminations of non-native phonetic 
contrasts than those who heard more sounds near the midpoint of the continuum.  
 
3.4.2  L2 Processing of Lexical Tones  
	  
Cross-language studies of tone perception have revealed differences in lexical tone 
perception in native and nonnative speakers. In a behavioral perceptual study, Mattock, 
Molnar, Polka and Burnham (2008) demonstrated that reorganization for lexical tone 
perception occurs early in life, between 6 and 9 months of age. Furthermore, lexical tone 
perception by non-native listeners appears to differ in specific ways from the perceptions 
of native speakers of tonal languages. For example, Gandour (1983) used 
multidimensional scaling analyses to examine tonal perception along three dimensions 
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including pitch height, pitch contour and the direction of pitch change. The findings 
indicated that English listeners attached more importance to pitch height for 
discrimination of lexical tone, whereas native speakers of tonal languages placed more 
emphasis on pitch contour and direction.  
Broselow, Hurtig and Ringen (1987) examined the effect of context on tonal 
perception by English and Mandarin speakers. The two groups demonstrated different 
discrimination abilities when tones were presented in isolation as well as in the context of 
two and three syllable words or phrases. Tone 4 (high-falling tone) was most easily 
identified by the native English speakers when presented in isolation and in phrase final 
position, but its identification dropped to the lowest among the four tones when placed in 
the middle of a phrase. This interesting finding was most likely related to the influence of 
English intonation, since Tone 4 is acoustically similar to the declarative intonation that 
occurs at sentence final position in English. When Tone 4 was placed in the non-final 
position, it was most often mis-identified as Tone 1. The authors argued that since both 
Tone 4 and Tone 1 have relatively higher pitch compared to the other tones, they are 
likely to be associated with stressed syllables. This is consistent with an earlier finding 
(White, 1981) that English listeners tend to perceive Mandarin high tones as stressed, and 
low Tone 3 as unstressed. Gandour (1994) also showed that Tone 2 and Tone 3 contrasts 
have the highest rate of perceptual confusion in native speakers of English. 
Chandrasekaran, Krishnan, and Gandour (2007) conduced a MMN study to investigate 
early pre-attentive discrimination of lexical tone contrasts by English and Mandarin 
speakers, and found that T1/T2 and T1/T3 contrasts elicited significantly larger MMN 
amplitudes in Mandarin speakers than in English speakers; whereas T2/T3 contrasts 
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elicited smaller MMNs in both groups, suggestive that Chinese speakers are more 
sensitive to pitch contours, and that T2/T3 is a more difficult contrast for both groups.  
A number of studies have investigated the effects of lexical tone training in adult 
speakers of English. Wang, Spence, Jongman and Sereno (1999) found that after two 
weeks of tone identification training, American learners of Mandarin demonstrated 
significant improvements (21%). These improvements were transferred to new stimuli in 
different voices, and were retained after 6 weeks. Further studies (Wang, Sereno,& 
Jongman, 2003) indicated that this perceptual improvement can also be transferred to 
production. A later study used fMRI to examine the neural correlates of lexical tone 
acquisition. After one semester of Mandarin learning, native speakers of English 
demonstrated significant improvements in accuracy of tone identification, as well as 
increased neural activation in the left superior temporal gyrus and the emergence of 
activity in adjacent areas and right inferior frontal gyrus (Wang, Sereno, Jongman, & 
Hirsch, 2003). This finding demonstrated neuroplasticity induced by tone-based second 
language learning experience in the form of recruitment of additional cortical regions 
specialized for lexical tone processing. 
The results of the training studies and brain imaging findings indicate that lexical 
tones are learnable for native speakers of non-tonal languages in adulthood. However, no 
study has examined the perceptual reorganization associated with learning of a tonal 
language in a naturalistic setting. Moreover, whether adult learners can establish native-
like phonological representation of lexical tones remains unclear. The proposed study will 
begin this investigation by examining the perceptual discrimination of lexical tones by 
learners who have taken extensive Mandarin instruction in adulthood.  
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4. RESEARCH DESIGN AND METHODS 
  
4.1 Research Questions  
 
The first two chapters of this dissertation reviewed two lines of study involving 
Chinese tones: the perceptual boundaries of tone categories, and acquisition of lexical 
tones. The current study combines these two lines of research to examine the perceptual 
learning of lexical tone categories using both behavioral and neurophysiological 
measurements. This study investigated the acquisition of lexical tones in a college-level 
Chinese program, and focused on learners who 1) are native speakers of American 
English, 2) started learning Mandarin in adulthood, and 3) received extensive advanced 
Mandarin instruction.    
As reviewed in sections 3.1 and 3.3, among the four Mandarin tones, T1/T4 and 
T2/T3 contrasts exhibit higher confusion rates than other pairs. Because T1 and T4 are 
both high pitch tones, they present difficulty to English speakers who rely heavily on F0 
heights as acoustic cues (White, 1981; Broselow, Hurtig, and Ringen, 1987). As for T2 
and T3, because they share similar pitch contours and overall durations, they represent the 
most difficult contrast for both native and nonnative speakers (Blicher et al., 1990; Shen, 
Lin, & Yan, 1993; Gandour, 1994; Moore & Jongman, 1997; Chandrasekaran et al., 
2007). Existing CP studies of Mandarin tones have not yet examined the category 
boundaries of those two tone pairs (Hallé, Chang, & Best, 2004; Xu, Gandour, & Francis, 
2006; Peng, et al., 2010; Xi, et al., 2010; Zhang et al., 2012). Therefore, the proposed 
study will focus on discrimination between T1/T4 and T2/T3 in native Mandarin 
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speakers, native English speakers, and learners of Chinese using both behavioral and 
EEG assessments. The questions this study aims to address are as follows:  
 
Question 1: Are tone continua between T1/T4 and T2/T3 perceived categorically, 
as indexed on behavioral tasks, by native Mandarin speakers, native English speakers 
without exposure to Mandarin, and adult learners of Mandarin?  
Question 2: Do native Mandarin speakers, native English speakers, and adult 
learners of Mandarin show categorical encoding of lexical tones at pre-attentional and/or 
attentional levels, as indexed by MMN and P300? 
Question 3: Is there a left hemisphere advantage in categorical perception of tones 
by native Mandarin speakers?  
 
4.2 Hypotheses  
 
Previous behavioral studies have demonstrated that native speakers of Mandarin 
perceive tones based on psycholinguistic boundaries, whereas English, French, and 
German speakers perceive tones in a more continuous manner (Hallé, Chang, & Best, 
2004; Xu, Gandour, & Francis, 2006). Although the present study focuses on two 
different tone contrasts (T1/T4 and T2/T3) that have not been empirically examined 
before, similar patterns are expected in the behavioral results. As for learners of Chinese, 
according to the NLM model (Kuhl, 2004), even though perceptual reorganization occurs 
early in development, and the ability to perceive non-native speech sounds declines 
dramatically after the optimal period, this capacity remains available in later life (also see 
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Flege, 1991). In fact, perceptual reorganization induced by language learning experience 
in adulthood has been observed in Japanese speakers who were learning English as a 
foreign language (e.g. Mackain, Best & Strange, 1981).  
Hypothesis 1: The effects of perceptual reorganization induced by language 
learning experience mean that Native Chinese speakers and learners of Chinese can 
perceive Mandarin tone categorically at the behavioral level, whereas native English 
speakers perceive tones in a continuous manner.  
Based on this hypothesis, it is predicted that native Chinese speaker and learners of 
Chinese will demonstrate significantly narrower perceptual boundaries and more robust 
discrimination peaks compared to the native English speakers.   
 
Regarding the neurophysiological responses to lexical tone categories, learners of 
Chinese may not demonstrate similar patterns to native speakers of Chinese. As 
suggested by the critical period hypothesis (Lenneberg, 1976), second language learning 
post-puberty engages different learning mechanisms from first language learning. Second 
language learning is characterized by a greater reliance on “top-down” processes, relying 
more on explicit knowledge and selective attention.  
Hypothesis 2: Because of differences in the age at which perceptual reorganization 
occurred, Chinese language learners will not be able to differentiate across-category and 
within-category deviants in the early stages of auditory processes, unlike native speakers 
of Chinese. However, both learners and native speakers of Chinese have access to later 
processes that reflect the employment of more explicit cognitive strategies.  
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Based on hypothesis 2, it is possible to predict differential patterns of responding in 
the MMN and P300 elicitation paradigms. Native Chinese speakers are expected to show 
enhanced MMN and P300 responses to across-category deviants compared to within-
category deviants. Learners of Chinese and native English speakers are expected to show 
comparable MMN amplitude to both within-category and across-category deviants. Since 
attention mechanisms are involved in P300 responses, learners of Chinese may be able to 
demonstrate enhanced P300 to across-category deviants, similarly to native Chinese 
speakers.    
 
Finally, although studies investigating the laterality of lexical tone perception have 
yielded inconsistent results, it has been consistently reported that the left superior 
temporal sulcus (STS) is responsible for long-term categorical representations of phonetic 
patterns (Scott & Johnsrude, 2003; Hickok & Poeppel, 2007). These findings suggest that 
different distributions of activation may be associated with the processing of lexical tone 
in native speakers and learners of Chinese, compared to naïve speakers of English.  
Hypothesis 3: Due to the long-term exposure needed for categorical representation 
of phonetic patterns, the native speakers of Chinese rely on left STS activation for tone 
processing, whereas the Chinese learners and naïve speakers of English must rely on 
more widespread activation.  
Based on the third hypothesis, it is predicted that lexical tones will elicit bilateral 
activation in all three groups. However, activation differences between across-category 
and within-category deviants should be more prominent over the left hemisphere 
(especially the STS) for Chinese speakers.  
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4.3 Research Design and Methods  
 
4.3.1 Recruitment and participants  
	  
Participants were recruited from the student body at Columbia University. At the 
beginning of each experiment, participants were given the study consent form, and were 
provided with ample opportunity to read and ask questions before signing the form. The 
PI answered questions about the forms, procedures, data management and/or participant’s 
rights as they arose, throughout the two sessions of the study. During the first visit 
participants also answered a language background questionnaire (see Appendix 1). All 
consent and experimental procedures were carried out with approval of the Teachers 
College Institutional Review Board (see Appendix 2).  
Thirty participants were recruited for the behavioral and EEG experiments in the 
following three groups: (1) native American English speakers with no previous exposure 
to Chinese, (2) advanced L2 learners of Chinese, and (3) native Chinese speakers. None 
of the participants had any professional music training experience. The learners of 
Chinese were recruited from the Chinese program at Columbia University. The inclusion 
criteria were as follows: 1) they must have taken Chinese for at least three semesters (5 
credits each); 2) they must have started learning Chinese after the age of 17; and 3) the 
first language is English (see Appendix 3 for Chinese language learners’ language 
background information). The control group consisted of US-based native Chinese 
speakers who moved to the U.S. from Mainland China after the age of 22.  
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4.3.2 Stimuli  
	  
Zheng (2012) reported that tones are perceived most categorically when 
presented at the end of a carrier phrase, compared with two other conditions - when they 
were presented in isolation and at the initial position of a phrase. Therefore, in this 
behavioral study, the target tones were presented at the end of a carrier phrase. Speech 
sound stimuli were recorded by a male native speaker of Mandarin Chinese pronouncing 
the target syllable /i/ in each of the four tones in a carrier phrase “yi ge X” (meaning “one 
word X”) at a sampling rate of 44.1kHz. This carrier phrase is a classifier in Chinese, and 
is usually followed by an object. Because of its phrase final position, the target syllable /i/ 
was lengthened to 500ms, so as create the most favorable case for identification and 
discrimination tasks. All of the four tones over the syllable /i/ were real words with 
differing semantics in Mandarin: “clothes衣” with the level tone (T1), “aunt姨” with 
the rising tone (T2), “chair椅” with the dipping tone (T3), and “meaning意” with the 
following tone (T4).  
The four target syllables were segmented from the recordings of natural speech 
and then scaled to equal duration of 400 milliseconds each. Amplitude was normalized to 
60dB. Two pitch continua were created with equal steps between T1/T4 and T2/T3 
(Fig.7), then all pitch contours were superimposed on the same speech sound /i/, to ensure 
that all the sound stimuli have the same formants (F1 = 261 Hz, F2 = 2196 Hz, F3 = 3277 
Hz), intensity contours and duration.  The F0 information of all the stimuli is illustrated in 
Table 1 and Table 2. All manipulation of the speech sound recordings was done in Praat 
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(Boersma & Weenink, 2009) and SoundForge (SoundForge9, Sony Corporation, Japan). 
Each continuum contained 8 steps with equal distances created through interpolation by 
applying the pitch synchronous overlap and add (PSOLA) method (Moulines & Laroche, 
1995).  
	  
Figure 7. F0 contours of T1/T4 and T2/T3 continua. The bold lines represent the original tones. Gray 
lines indicate steps with equal distances between the end tones. 
	  
Table 1. F0 values of T1/T4 continuum 
Steps Onset (Hz) Offset (Hz) Mean(Hz) 
1 (Tone1) 172 154 167 
2 165 146 164 
3 158 138 161 
4 151 131 158 
5 144 123 154 
6 137 115 151 
7 130 107 148 
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       For the EEG experiment, three stimuli were chosen from each continuum to represent 
an across-category deviant, a within-category deviant, and a standard sound based on the 
results of the behavioral tasks. For continuum T1/T4, the category boundary was 
identified to be between Step 3 and Step 5. Therefore, Step 5 and Step 2 were chosen as 
the across-category pair, and Step 5 and Step 8 as the within-category pair. The F0 
difference between the deviants and the standard was 10 Hz. For continuum T2/T3, the 
category boundary was located between Step 4 and Step 5, thus Step 5 and Step 3 were 
chosen as the across-category pair, and Step 5 and Step 7 as the within-category pair (Fig. 
8). The F0 difference between the deviants and the standard was again 10 Hz. The 
duration of the stimuli was scaled to 350ms, since longer duration may cause overlap 
effects in ERP analysis (Martin, Tremblay & Stapells, 2007). The intensity and formants 
were kept the same as stimuli in the behavioral experiment.   
 








1 (Tone2) 116 156 130 90 
2 117 150 125 110 
3 118 144 121 120 
4 119 138 116 150 
5 120 132 111 170 
6 121 126 106 190 
7 122 121 102 210 
8 (Tone3) 123 115 97 230 
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Figure 8. EEG stimuli within each continuum represented by three bold lines. Tone categories are 
differentiated by color. Left: red lines illustrate steps identified as Tone 1, blue lines represent steps 
identified as Tone 4. Right: red lines illustrate steps identified as Tone 2; blue lines represent steps 
identified as Tone 3.  
 
 
4.3.3 Procedures of the behavioral study  
	  
4.3.3.1 Discrimination task  
 
          All participants read and signed a consent form at the beginning of their visit. 
Participants were encouraged to ask questions or voice any concerns at any point of the 
study. All participants in the experiment were required to complete a language 
background questionnaire. 
           Each participant was asked to complete an AX one-step discrimination task, where 
each trial consisted of two phrases consisting of the target syllable at the end of a carrier 
phrase /yi ge X/ (meaning “one word X”).  Participants were asked to determine whether 
the target syllable at the end of the two phrases in each trial was identical or non-
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identical. AX trials had four possible combinations (AB, BA, AA, BB). For each tone 
continuum in this experiment, there were 7 AX pairs (1-2, 2-3, 3-4, 4-5, 5-6, 6-7, 7-8). 
Each AX pair was repeated 6 times, making up 264 trials in total (2 continua × (14 
adjacent pairs + 8 identical pairs) × 6 repetitions). Two blocks were constructed, with 
tone pairs on the T1/T4 and T2/T3 continua. Trials within each block were presented in a 
random order. The inter-stimulus interval (ISI) within each pair was set to 0.5s.  
         For each trial, participants were asked to listen to the two phrases, and decide if the 
last syllables of the two phrases were the same tone or not. They were asked to left-click 
a mouse to respond  “yes”, and right-click for “no”. Each trial started 0.5s after each 
response, so that the experiment was self-paced.  
 
4.3.3.2 Identification task  
 
             For each continuum, participants were presented with 20 repetitions of each 
stimulus in the carrier phrase /yi ge X/. This equated to a total of 320 trials (2 continua × 8 
steps × 20 repetitions) in 2 continuum blocks. Stimuli in each block were presented in a 
random order.  
         All participants received written and oral instructions in their native languages 
(English or Chinese). Participants were asked to label the tone of the target syllable with a 
forced choice between two tones. The instructions included two schematic graphs 
representing the pitch contours of each tone (the instruction page is shown in Appendix 
4). Similar to the discrimination task, the identification task was also self-paced, with 
each trial starting 0.5s after the participants’ response (button press) to the previous trial.  
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4.3.4 EEG recording procedures  
 
All EEG recordings took place in the Neurocognition of Language Lab, in the 
Department of Biobehavioral Studies at Teachers College, Columbia University, on a 
128-electrode high density HydroCel EEG system manufactured by Electrical Geodesics, 
Inc. The electrodes are held together in sensor “nets” by fine elastomer that keeps each 
electrode in a predictable geodesic position relative to all other electrodes in the array 
(Tucker, 1993). The silver chloride plated carbon fiber electrodes are embedded in a 
plastic substrate, with sponge inserts that are soaked in an electrolyte solution before use 
to ensure optimal conductivity.  
The circumference of each participant’s head was measured to ensure selection of 
the correct size sensor net, and the vertex was marked to ensure accurate placement of the 
net. Participants were then fitted with the appropriate net. Once the sensor net was 
situated, the participant was seated in a chair in a sound-attenuated room inside the 
laboratory, in front of a computer monitor that delivered the task instructions and stimuli. 
The sensor net was connected to an amplifier that was previously checked and calibrated. 
Impedance for all electrodes was maintained under 40kΩ, with most electrodes 
maintained below 20kΩ. EEG data were recorded using EGI’s Netstation (v4.5.4) data 
acquisition software at a sample rate of 500hz.  
The EEG recordings for this study consisted of two parts: a passive MMN session 
and an attentional P300 session. For the MMN session, T1/T4 contrasts and T2/T3 
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contrasts were presented in two separate blocks. Each block comprised 1000 trials, 
including 80% standards, 10% within-category deviants and 10% across-category 
deviants (Figure 8). A total of 1000 stimuli for each block were presented with an inter-
stimulus interval of 350ms in a pseudo-random order that ensured at least two standards 
preceded each deviant. Participants were seated comfortably in an acoustically and 
electrically shielded chamber, and were instructed to ignore the stimuli sound coming 
through the overhead speaker while they relaxed and watched a self-selected silent movie. 
Each of the two blocks lasted for 16 minutes.  
For the P300 experiment, participants were presented with the same sounds, but 
they were asked to pay close attention to the sounds and to press a button every time they 
heard a sound that was “different” from the others (deviant identification task). There 
were 400 trials in each of the two blocks that consisted of stimuli in T1/T4 and T2/T3 
continua, with 80% standard sounds, 10% within-category deviants and 10% across-
category deviants. The inter-stimuli interval was 800ms. Each of the two blocks lasted for 
8 minutes.  
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4.4 Data Analysis  
 
4.4.1 Behavioral data analysis  
	  
4.4.1.1 Identification tasks  
 
              To investigate the effects of language experience on identification and 
discrimination performance, three measures were obtained for each subject based on three 
essential characteristics of categorical perception: sharp category boundary, 
corresponding discrimination peak, and prediction of discrimination from identification 
(Treisman et al., 1995). For the identification task, based on the binominal distribution of 
the identification scores and the sigmoid shape of the response function, a logistic 
regression between the identification score (P1) and a repeated measures predictor, step 
number (x), was adopted to obtain the mean identification functions for each group.  
 
           For each participant, two functions were obtained: 1) boundary sharpness (b0), and 
2) boundary width (defined as the linear distance between 25th and 75th percentiles) (Xu, 
Gandour, & Francis, 2006). Each of the two functions was analyzed by a one-way 
ANOVA with between-subject factor GROUP (3 levels: native Chinese, native English, 
Learners of Chinese). Tukey’s HSD post-hoc analyses were conducted to compare the 
differences between groups.  
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4.4.1.2 Discrimination task  
 
Each adjacent pair of stimuli had four possible combinations (AB, BA, AA, BB), 
where AB and BA were “different” pairs, and AA and BB were “same” pairs. The 
observed discrimination score for each pair was calculated as follows:  
P(observed)=(P’S’|S) ×P(S) + (P’D’|D) × P(D) 
 
The percentage for “same” pairs of all the trials in this experiment, P(S), is 0.36; 
while percentage for “different” pairs, P(D), is 0.64. (P’S’|S) ×P(S) stands for the 
percentages of “same” responses to all the same (S) stimuli. The obtained discrimination 
data for each subject were analyzed through 3x7 repeated measures ANOVA with factor 
STEP (7 levels: Step1-2, Step2-3, Step3-4, Step4-5, Step5-6, Step6-7, Step7-8), and 
GROUP (3 levels: native Chinese, native English, Learners of Chinese). Tukey’s HSD 
post-hoc analyses were then conducted to identify the discrimination peak for each group.  
 
4.4.2 EEG data analysis  
 
The first part of the data processing was carried out using Netstation software 
(V4.5.4). The raw data were first digitally filtered with a 0.1~30Hz bandpass filter, and 
then segmented from 100ms pre- stimulus onset to 650ms post stimulus onset for the 
MMN experiment, and 100ms pre-stimulus onset to 1000ms post-stimulus onset for the 
P300 experiment. Data were then re-referenced to the average of all the electrodes, and 
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baseline corrected. Recorded trials with eye blinks or other movement activities were 
rejected.  
For this study, the EEG data were analyzed according to a pre-determined region 
of interest for each ERP component: MMN (frontal-central region); and P300 (central-
parietal region) (see Fig. 10).  
For the MMN, two groups of electrodes (electrode montages) were selected for 
statistical analysis: left frontal (electrodes 12, 13, 18, 19, 20, 24) and right frontal 
(electrodes 4, 5, 10, 112, 112, 118). The statistical significances of the MMN responses 
were estimated by pairwise t-tests to compare responses to the deviant and standard 
stimuli in the target time windows. First, difference waves for MMN were obtained by 
subtracting the averaged deviants from the averaged standards. The calculation of mean 
amplitude was conducted with a moving window technique on the difference wave. 
Negative peaks were initially identified between 150~250ms post deviance onset for each 
participant. Then, the value of a time window extending 30ms before and after the 
negative peak was averaged to obtain the mean amplitude over the entire duration of the 
MMN response.  
For the P300 study, two electrode montages were selected for statistical analysis: 
left central-parietal (electrodes 37, 52, 53, 54, 60, 61, 67) and right central-parietal 
(electrodes 77, 78, 79, 85, 86, 87, 92). Similar to the MMN experiment, the mean 
amplitudes were also calculated through the moving window technique applied to the 
difference wave: the positive peaks were identified between 250~600ms post deviance 
onset for each participant, and then the value of a time window that extends ±40ms at the 
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P300 peak were averaged. Statistical analysis only included those participants with at 
least 65 accepted trials for MMN study and 30 trials for P300 study in each condition.  
 
	  
Figure 10. MMN and P300 montages. Left: MMN montage, left (green) and right (yellow) frontal 
central electrodes. Right: P300 montage, left (yellow) and right (green) central-parietal electrodes.  
 
Repeated measures ANOVAs were conducted to test for main effects and 
interactions in the data (Dien & Santuzzi, 2005). The dependent variables of interest here 
are mean amplitudes (measured in microvolts) of the predetermined components of 
interest (MMN and P300). The mean amplitudes of each experiment were submitted to a 
three-way repeated-measure mixed-model ANOVA (between-subject factor: Group; 
within-subject factor: Deviant type, Hemisphere). Greenhouse-Geisser corrections were 
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5. RESULTS 
	  
5.1 Behavioral Results  
 
5.1.1 Tone1/Tone4 Continuum  
 
         The sharpness and width of category boundaries were estimated by logistic 
regression coefficients of individual identification curves. The discrimination scores 
correspond to the accuracy in discriminating the same and different tone pairs by each 
individual. One-way ANOVAs were conducted on the boundary sharpness, width and 
discrimination scores to investigate group variances. The identification curve and 
discrimination scores are illustrated in Fig. 11.  
 
	  
Figure 11. Identification curve (Tone 1 and Tone 4) and one-step discrimination curved (obtained by 
discrimination score) for each group.  
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A significant effect of Group was found for both boundary sharpness (F (2, 27) = 
7.552, p = 0.002) and width (F (2, 27) = 8.438, p = 0.001) (Table 3). Tukey’s pairwise 
comparisons revealed that both native Chinese speakers and learners of Chinese 
demonstrated a significantly steeper slope than native English speakers (Chinese > 
English, p = 0.004; learners > English, p = 0.007). Analysis of variance on the boundary 
width revealed that native Chinese speakers and learners of Chinese exhibited a 
significantly narrower boundary width than English speakers (English > Chinese, p = 
0.009; English  > learners, p = 0.009). No significant difference was observed between 
learners and native speakers of Chinese for boundary sharpness and width.  
 
Table 3. Identification slope and boundary width for T1/T4 continuum. 
Group  Slope  Width 
Native Chinese (n=10) 2.60 (SD = 0.91) 0.60 (SD = 0.28) 
 Learners of Chinese (n=10)  2.36 (SD = 0.70) 0.62 (SD = 0.19)  
 Native English (n=10) 1.45 (SD = 1.25) 1.75 (SD = 1.54) 
Between-group variation  p=0.002*    p=0.001*   
	  
	  
For the discrimination task, the analysis of variance on the discrimination score 
revealed significant main effect of group (F (2,27) = 12.99, p < 0.001). Tukey’s HSD 
post-hoc analysis showed that the discrimination score of learners was significantly 
higher than both Chinese listeners (p <0.001) and English listeners (p < 0.001). Regarding 
the variance within the continuum for each group, a significant effect of step was 
observed in both native Chinese speakers and learners of Chinese (Chinese: F (6, 63) = 
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6.917, p < 0.001; Learners: F (6, 63) = 6.317, p < 0.001). Native English speakers did not 
demonstrate significantly different discrimination accuracy across different steps within 
the T1/T4 continuum (F (6, 63) = 1.268, p = 0.285). Tukey’s pairwise comparisons 
revealed that the discrimination rates for pairs S2-S3, S3-S4 and S4-S5 were significantly 
higher than other pairs for native Chinese speakers (p < 0.05). For learners of Chinese, 
the discrimination rate for pair S2-S3 was significantly higher than all other pairs (p < 
0.05). The results suggested a peak of discrimination scores for Chinese speakers and 
learners of Chinese, but not for inexperienced English speakers.  
 
5.1.2 Tone2/Tone3 Continuum  
 
The behavioral results examining responses to the T2/T3 continuum yielded 
similar findings to the T1/T4 continuum (Fig. 12). A significant main effect of group was 
found for both identification slope (F (2, 27) = 15.408, p < 0.001) and boundary width (F 
(2, 27) = 28.998, p < 0.001) (see Table 4). Tukey’s HSD post hoc analysis revealed that, 
compared to native English speakers, the native Chinese speakers and the learners of 
Chinese both demonstrated significantly steeper slopes (Chinese > English, p < 0.001; 
learners > Chinese, p < 0.001) and narrower boundaries (English > Chinese, p < 0.001; 
English > learners, p < 0.001). The differences between learners of Chinese and native 
Chinese speakers were not statistically significant. 
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Figure 12. Identification curve (Tone 2 and Tone 3) and one-step discrimination curve (obtained by 
discrimination score) for each group.  
        
Table 4. Identification slope and boundary width for T2/T3 continuum. 
Group  Slope  Width 
Native Chinese (n=10) 1.46 (SD=0.64) 1.14 (SD=0.59) 
Learners of Chinese (n=10) 1.54 (SD=0.54) 1.02 (SD=0.47) 
Native English (n=10) 0.45 (SD=0.15) 3.34 (SD=1.17) 
Between-group variation  p<0.0001*  p<0.0001* 
	  
      Analysis on the discrimination scores a significant main effect of group (F (2, 27) = 
14.11, p< 0.001). Learners of Chinese had significantly higher discrimination score than 
both native Chinese speakers (p = 0.026) and native English speakers (p < 0.001). 
Regarding the variance in discrimination scores across steps, native Chinese speakers and 
learners of Chinese demonstrated significantly different discrimination accuracy across 
the steps within the T2/T3 continuum (Chinese: F (6, 63) = 3.979, p = 0.002; Learners: F 
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(6, 63) = 5.627, p < 0.001). Tukey’s HSD post hoc analysis revealed that, for both 
Chinese speakers and learners of Chinese, the S4-S5 pair yielded higher discrimination 
scores than other pairs (p <0.05), indicating a consistent peak of discrimination at S4-S5 
for both groups. In contrast, native English speakers’ discrimination accuracy was not 
significantly different across steps (F (6, 63) = 1.467, p = 0.204), suggesting the lack of a 
discrimination peak for this group. 
 
5.2 EEG Results  
 
         Analyses of ERP components MMN and P300 are reported in this section for each 
tone contrast (T1/T4, and T2/T3), with an alpha level of 0.05. The grand average 
waveforms for each condition are shown in the figures below. Firstly, the significance of 
ERP responses was assessed using pairwise t-tests to compare standards and deviants. 
Then, three-way repeated-measures ANOVAs on mean amplitudes were conducted to 
analyze the effect of two within-subject variables: deviant type (across-category/ within-
category) and hemisphere (left/ right), and one between-subjects variable group (Chinese 
speakers/ English speakers/ learners of Chinese).  
 
5.2.1 MMN Experiments 
	  
         For the T1/T4 condition, the grand average waveforms are illustrated in Fig. 13. 
Pairwise t-tests on each deviant and standard revealed significant MMN responses for all 
groups and both deviant types.	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Figure 13. Native Chinese speakers’ (top charts), native English speakers’ (middle charts) and 
learners’ (bottom charts) responses during the pre-attentional task in the T1/T4 condition. Left charts 
illustrate waveforms obtained from left hemisphere recording sites, and right charts illustrate 
responses for right hemisphere recording sites. Shadows around the lines represent standard errors 
within each group.   
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The mean amplitudes of the MMN responses elicited by the two deviants are 
illustrated in Fig. 14 and Table 5. A three-way mixed-model ANOVA showed no main 
effect of hemisphere, group or deviant type. A significant interaction between deviant 
type and group (F (2, 29) = 4.123, p = 0.026) was observed, as well as a three-way 
interaction between deviant type, group and hemisphere (F (2, 29) = 4.884, p = 0.015).  
Post-hoc analyses using pairwise t-tests showed that the differences between deviant 
types (across- and within-category deviants) were only significant for Chinese speakers in 
the left hemisphere (t (10)= 6.581, p < 0.001), indicating that the native Chinese 
speakers’ MMN responses were significantly enhanced to the cross-category deviant 
compared to the within-category deviants, over left hemisphere recording sites. An effect 
of deviant type was observed to approach significance for English speakers in the left 
hemisphere with the opposite pattern from Chinese speakers, in which greater MMN 
responses were elicited by the within-category deviant (t (10) = 2.212, p = 0.051).  
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Figure 14. MMN mean amplitude (µV) in the T1/T4 condition. The left panel illustrates the amplitude 
recorded over left hemisphere sensors, and the right panel illustrates recorded amplitudes from right 
hemisphere sensors. Within each panel, the bars on the left represent data from native Chinese 
speakers; the bars in the middle represent data from native English speakers; and the bars on the right 
represent data from learners of Chinese. The error bars represent standard errors for each condition 
and group.  
 
 
Table 5. MMN mean amplitude (µV) in the T1/T4 condition (Paired-samples t-tests) 
Group Hemisphere Deviant 
Type 




Left across -1.55 0.57 <0.0001* 
0.363 within -0.45 0.44 
Right across -1.19 0.65 0.875 
within -1.36 1.26 
English 
(N=11) 
Left across -0.81 1.12 0.051 
0.562 within -1.55 1.02 
Right across -1.14 0.98 0.448 
within -1.44 0.76 
Learners 
(N=10) 
Left across -1.00 0.73 0.336 
0.753 within -0.76 1.03 
Right across -0.83 0.71 0.762 
within -0.76 0.72 
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          For the T2/T3 condition, waveform patterns observed in all three groups are 
illustrated in Figure 15. For native Chinese speakers, the across-category deviant elicited 
a significant MMN response over both hemispheres (left t (10) = -6.600, p < 0.001; right: 
t (10) = -3.864, p = 0.003), while the within-category deviant MMN was only significant 
over the right hemisphere (left: t (10) = -1.09, p = 0.299, right t (10) = -2.387, p = 0.038). 
Native English speakers and learners of Chinese showed significant MMN responses to 
both deviant types over both left and right hemispheres.  
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Figure 15. Native Chinese speakers’ (top charts), native English speakers’ (middle charts) and 
learners’ (bottom charts) responses during the pre-attentional task in the T2/T3 condition. 
 
The mean amplitudes of the MMN responses elicited by the two deviants are 
illustrated in Fig. 16 and Table 6. No significant main effect of group, deviant type, or 
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hemisphere was observed. The triple interaction between group, deviant type, and 
hemisphere was significant (F (2, 29) = 8.583, p = 0.001), as was the interaction between 
group and deviant type (F (2, 29) = 3.562, p = 0.041). Post-hoc analyses with pairwise t-
tests indicated that, for Chinese speakers, the MMN response to across-category deviant 
was significantly larger than to within-category deviant in the left hemisphere (t (10) = 
5.207, p < 0.001), but not in the right hemisphere (t (10) = 0.593, p = 0.566). No 
significant effect of deviant type was observed for English speakers or learners of 
Chinese.  
 
	  	  	  	  	  	  	  	  	  	  	  	  	  	   	  
Figure 16. MMN mean amplitude (µV) in the T2/T3 condition. The left panel illustrates the amplitude 
recorded over left hemisphere sensors, and the right panel illustrates recorded amplitudes from right 
hemisphere sensors. Within each panel, the bars on the left represent data from native Chinese 
speakers; the bars in the middle represent data from native English speakers; and the bars on the right 
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Table 6. MMN mean amplitude (µV) in the T2/T3 condition (Paired-samples t-tests) 




Left across -1.55 0.71 0.0004* 
0.941 within -0.35 0.74 
Right across -0.82 0.55 0.564 
within -1.04 1.14 
English 
(N=11) 
Left across -0.74 0.80 0.067 
0.339 within -1.32 1.14 
Right across -1.12 0.83 0.806 
within -1.20 1.15 
Learners 
(N=10) 
Left  across -0.60 0.72 0.648 
0.329 within -0.67 0.60 
Right across -0.97 0.81 0.598 
within -0.96 1.12 
	  
	  
          When comparing the amplitude of the two tonal contrasts (T1/T4 and T2/T3) in a 
four-way repeated-measures ANOVA with four factors (tone contrast, hemisphere, 
deviant type, and group), no significant main effect of tone contrast was detected (F (1, 
232) = 1.469, p = 0.228), indicating that there were no significant differences in MMN 
responses to T1/T4 and T2/T3 continua for any of the groups.  
 
5.2.2 P300 experiment  
 
For the T1/T4 condition, all three groups demonstrated significant P300 responses 
to both types of deviants over both left and right hemisphere recording sites (Fig. 17). 
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Figure 17. Native Chinese speakers’ (top charts), native English speakers’ (middle charts) and 
learners’ (bottom charts) responses during the attentional P300 task in the T1/T4 condition. Left 
charts illustrate waveforms obtained over left hemisphere recording sites, and right charts illustrate 
responses over the right hemisphere recording sites. Shadows around the lines represent standard error 
within each group.   
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The mean amplitude of the P300 responses is illustrated in Fig. 18 and Table 7. A 
three-way repeated-measures ANOVA showed a significant main effect of group (F (2, 
27) = 3.641, p = 0.039). Post hoc analysis revealed that the P300 amplitudes of learners of 
Chinese were significantly greater than native Chinese speakers and English speakers 
(learners > Chinese, t (39) = -4.024, p < 0.001, learners > English, t (39) = -2.605, p = 
0.013). There was also a significant interaction between deviant type and group (F (2, 27) 
= 10.30, p < 0.001). Further comparisons revealed a significant main effect of deviant 
type only for the native Chinese speakers (F (1, 9) = 44.118, p < 0.001), but not for the 
English speakers (F (1, 9) = 0.404, p = 0.541) and learners of Chinese (F (1, 9) = 1.443, p 
= 0.260).  
 
                	  
Figure 18. P300 mean amplitude (µV) in the T1/T4 condition. The left panel illustrates the amplitude 
recorded over left hemisphere sensors, and the right panel illustrates recorded amplitudes from right 
hemisphere sensors. Within each panel, the bars on the left represent data from native Chinese 
speakers; the bars in the middle represent data from native English speakers; and the bars on the right 
represent data from learners of Chinese. The error bars represent standard deviations for each 
condition and group.  
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Table 7. P300 mean amplitude (µV) in the T1/T4 condition (Paired-samples t-tests) 




Left across 4.13 1.72 0.0003* 
0.928 within 2.40 1.73 
Right across 4.21 2.10 0.00007* 
within 2.39 2.15 
English 
(N=10) 
Left across 3.69 2.11 0.298 
0.424 within 4.23 2.19 
Right across 4.21 2.00 0.886 
within 4.29 2.26 
Learners 
(N=10) 
Left across 6.28 3.57 0.770 
0.252 within 6.00 2.17 
Right across 4.67 2.65 0.165 
within 5.88 2.33 
	  
 
For the T2/T3 condition, both across- and within-category deviants elicited 
significant P300 responses in all three groups (Fig. 19). The mean amplitude of P300 is 
illustrated in Fig. 20 and Table 8. A three-way ANOVA revealed similar results to the 
T1/T4 condition. There was a significant main effect of group (F (2, 27) = 3.419, p = 
0.044) and a significant interaction between deviant type and group (F (2, 27) = 3.667, p 
= 0.039). Planned comparisons (independent measures t-tests) revealed that the P300 
amplitudes of learners of Chinese were significantly greater than native Chinese speakers 
and English speakers (learners > Chinese, t (39) = -3.803, p < 0.001, learners > English, t 
(39) = -3.356, p = 0.002). Similar to the T1/T4 contrast, the main effect of Deviant Type 
was significant only for the native Chinese speakers (F (1, 9) = 48.964, p < 0.001), but 
not for the native English speakers (F (1, 9) = 1.449, p = 0.259) or for the learners of 
Chinese (F (1, 9) = 0.001, p = 0.9771).  
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Figure 19. Native Chinese speakers’ (top charts), native English speakers’ (middle charts) and 
learners’ (bottom charts) responses during the attentional P300 task in the T2/T3 condition. 
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Figure 20. P300 mean amplitude (µV) in the T2/T3 condition. The left panel illustrates the amplitude 
recorded over left hemisphere sensors, and the right panel illustrates recorded amplitudes from right 
hemisphere sensors. Within each panel, the bars on the left represent data from native Chinese 
speakers; the bars in the middle represent data from native English speakers; and the bars on the right 
represent data from learners of Chinese. The error bars represent standard deviations for each 
condition and group.  
 
Table 8. P300 mean amplitude (µV) in the T2/T3 condition (Paired-samples t-tests) 




Left across 4.59 1.73 0.001* 
0.990 within 2.63 1.72 
Right across 4.43 3.31 0.012* 
within 2.78 2.34 
English 
(N=10) 
Left across 3.09 2.47 0.142 
0.053 within 3.89 3.06 
Right across 4.01 2.09 0.456 
within 4.01 2.90 
Learners 
(N=10) 
Left  across 6.66 3.16 0.745 
0.439 within 6.30 2.25 
Right across 5.83 3.15 0.766 
within 6.14 2.13 
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           When comparing the amplitude of T1/4 and T2/3 contrasts, no significant main 
effect of tone contrast was detected (F (1, 216) = 0.350, p = 0.555), indicating that there 





The behavioral and neurophysiological findings offer some responses to the 
research questions, as follows:  
 
Question 1: Are tone continua between T1/T4 and T2/T3 perceived categorically, 
as indexed on behavioral tasks, by native Mandarin speakers, native English speakers 
without exposure to Mandarin, and adult learners of Mandarin?  
It was hypothesized that the effects of perceptual reorganization induced by 
language learning experience mean that Native Chinese speakers and learners of Chinese 
can perceive Mandarin tone categorically at the behavioral level, whereas native English 
speakers perceive tones in a continuous manner. In this study, native Chinese speakers 
demonstrated significant peaks of discrimination for both T1/T4 and T2/T3 continua. 
Their identification slopes are significantly steeper than native English speakers, and their 
widths are significantly narrower. These behavioral results indicate that native Chinese 
speakers perceive T1/T4 and T2/T3 tone contrasts categorically, while native speakers of 
English do not – supporting hypothesis 1. Learners of Chinese demonstrated robust peaks 
of discrimination scores and comparable identification boundaries comparable to those 
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observed for native Chinese speakers. In an unpredicted finding, learners of Chinese 
exhibited significantly higher overall discrimination accuracy than both native Chinese 
and English groups, suggesting that they have a heightened overall sensitivity to tones 
across the continua.  
 
Question 2: Do native Mandarin speakers, native English speakers, and adult 
learners of Mandarin show categorical encoding of lexical tones at pre-attentional and/or 
attentional levels, as indexed by MMN and P300? 
Because of differences in the age at which perceptual reorganization occurred, we 
hypothesized that Chinese language learners will not be able to differentiate across-
category and within-category deviants in the early stages of auditory processes, unlike 
native speakers of Chinese. However, both learners and native speakers of Chinese do 
have access to later processes that reflect the employment of more explicit cognitive 
strategies, which would be shown in the P300 responses.  
In the results, native Chinese speakers demonstrated significantly enhanced MMN 
responses to across-category deviants compared to within-category deviants. The 
differential activations were only observed over left hemisphere recording site in Chinese 
speakers, supporting hypothesis 2. The MMN responses of learners and native English 
speakers were similar to each other: 1) significant MMN responses were observed for 
both groups; 2) no differential activation to across-category vs. within-category deviants 
was observed; 3) no significant differences between MMN responses recorded from the 
left and right frontal-central recording sites were detected.  
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As for the P300 experiment, native Chinese speakers showed significantly greater 
P300 responses to across-category deviants compared to within-category deviants over 
both left and right parietal-central recording sites. This pattern of differential activation 
was not observed in English speakers. Contrary to hypothesis 2, however, learners of 
Chinese also did not exhibit differential activation, though their P300 responses were 
significantly enhanced in comparison to both Chinese speakers and English speakers for 
both T1/T4 and T2/T3 contrasts.  This unpredicted finding is further discussed in Chapter 
6.  
 
Question 3: Is there a left hemisphere advantage in categorical perception of tones 
by native Mandarin speakers?  
The third study hypothesis stated that, due to the long-term exposure needed for 
categorical representation of phonetic patterns, native speakers of Chinese have access to 
left STS activation for tone processing, whereas Chinese learners and naïve speakers of 
English must rely on more widespread activation. Study findings reveal a left hemisphere 
advantage in categorical perception of tones for native Chinese speakers at the pre-
attentional level. This effect was not apparent for the other experimental groups, and is 
consistent with hypothesis 3 as well as with earlier findings from fMRI studies which 
suggested that left superior temporal sulcus (STS) and left middle temporal gyrus (MTG) 
are responsible for identifying phonetic categories (e.g. Liebenthal, et al., 2010; Zhang, et 
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6. DISCUSSION 
 
6.1 Categorical perception of lexical tones by native Chinese speakers 
 
In this study, behavioral identification and discrimination, as well as auditory ERPs 
(MMN and P300) were measured in order to investigate the neurophysiological correlates 
of categorical perception of lexical tones in naïve listeners, learners and native speakers 
of Chinese. At the behavioral level, native speakers of Mandarin demonstrated categorical 
perception of T1/T4 and T2/T3 contrasts categorically, and showed significantly more 
robust discrimination peaks and sharper identification boundaries than native English 
speakers who were naïve with respect to Chinese. At the neurophysiological level, native 
Chinese speakers demonstrated categorical perception of lexical tones at both an early 
pre-attentional level of processing as early as 200ms post deviance onset, and a later 
attentional stage of processing. Because the physical distances between the across-
category and within-category contrasts are the same, the differential activation to the two 
contrasts provide strong support for categorical encoding by the Chinese speakers at both 
the unconscious automatic level (150 ~ 250ms post deviance) and later attentional level 
of speech processing (300 ~ 500ms post deviance).  
For native English speakers, within-category deviants elicited larger MMN 
responses than across-category deviants, though the difference only approached statistical 
significance. This unpredicted finding might be related to the frequency scale (Hz) used 
in the experiment design. Pitch is a function of frequency, and is realized through 
frequency change, but they are not identical to each other: pitch refers to an auditory 
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(psychological) aspect of the signal, and frequency is an acoustic (physical) feature. As a 
result, physical differences of the same magnitude between stimuli may not necessarily 
evoke the same sensory responses (Stevens & Volkmann, 1940; Attneave & Olson, 1971; 
Harnad, 1987). A number of earlier studies worked on determination of pitch scales based 
on equal sensory distances, rather than equal physical distances, between steps. For 
example, the mel scale was developed by Stevens, Volkmann, and Newman (1937) to 
capture stepwise sensory pitch differences, and the resultant scale does not linearly 
correlate with the frequency scale. In the current study, frequency was used to measure 
pitch variations in the stimuli. The across-category and within-category deviants are 
equally distant from the standard sounds in terms of their frequency, but their sensory 
distance might not be equal. In addition, the two deviants also differ in their relationship 
to the standards: the across-category deviants are of a higher frequency than the standard 
sounds, and the within-category deviants are of a lower frequency. The fact that the 
differential sensitivity of the ear is lower for high frequencies than for low frequencies 
(Stevens, et al, 1937) may indicate that the within-category deviants (with lower 
frequencies) may be more salient, in the sensory domain, than across-category deviants. 
The finding that within-category deviants elicited larger MMN for Native English speaker 
suggests that Native English speakers perceived the lexical tones based on their 
psychoacoustic boundaries, whereas native Chinese speakers demonstrated robust 
psycholinguistic boundary effects.  
Another finding from the MMN experiments is that the differential activation in 
response to across- and within-category deviants for native Chinese speakers was only 
significant over left hemisphere sensors. The laterality of lexical tone perception has been 
	  
`	   90	  
a focus of debate for many years. Competing hypotheses have been proposed to account 
for the lateralization of pitch processing. The acoustic hypothesis (Zatorre  & Belin, 
2001) claims that laterality of auditory processing depends on acoustic cues, and 
fundamental frequencies as cues are lateralized to the right hemisphere. Since lexical 
tones use pitch as the primary cue, this hypothesis is supported by several brain-imaging 
studies that found right-lateralization for tone processing (e.g. Luo et al., 2006; Ren, Yan 
& Li, 2009; Li et al., 2010; Jia, Tsang, Huang, & Chen, 2013). In contrast, the functional 
hypothesis (Van Lancker, 1980) claims that lateralization depends on the psycholinguistic 
functions of the acoustic signals, and that pitch patterns carrying linguistic functions are 
lateralized to the left hemisphere while non-linguistic pitch information is preferentially 
processed in the right hemisphere. This hypothesis has also found empirical support from 
studies that reported left lateralization of lexical tone processing (Wang, Jongman, & 
Sereno, 2001; Hsieh, Gandour, Wong, & Hutchins, 2001; Wong, Parsons, Martinez, & 
Diehl, 2004; Gandour et al, 2000, 2004). There are several possible explanations for the 
contradictory findings. Firstly, the imaging studies used different tasks with different 
levels of difficulty; therefore the imaging results may reflect different levels of processing 
and different time courses of operations. Secondly, even for studies that used similar 
tasks and procedures, the lexical tones used in the studies mentioned above were different. 
Studies have shown that different tone contrasts have different categorical effects and 
thus may activate different phonological processes. For example, level tone contrasts are 
perceived less categorically than contour tones (Francis, Clocca, & Ng, 2003).  
To reconcile these competing hypotheses and various empirical findings, a more 
comprehensive model is needed to elucidate how tone processing decomposes into 
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different stages and basic components in the time course of auditory processing. Hickok 
and Poeppel (2007) proposed a dual-stream model of auditory processing, with a ventral 
stream processing speech signals for conceptual comprehension and a dorsal stream 
responsible for mapping speech signal to frontal lobe articulatory networks. According to 
this model, the early stages of spectral-temporal analysis of acoustic signals involve 
bilateral brain activations, with stronger preference for sampling acoustic input at a 
slower rate (which is appropriate for processing syllabic information) in the right 
hemisphere. Since lexical tones are implemented at the syllable level, they are 
presumably analyzed in the right hemisphere at the early stage of processing. The dual-
stream model also allows for the possibility that the left hemisphere might be predisposed 
to processing acoustic information more categorically than the right hemisphere. To be 
more specific, the left superior temporal sulcus (STS) was proposed to be responsible for 
long-term categorical representations of phonetic patterns (Scott & Johnsrude, 2003; 
Hickok & Poeppel, 2007). Therefore, categorization of familiar phonetic information is 
supposed to elicit greater activation in the left hemisphere, compared to non-linguistic 
sounds. This hypothesis has received empirical support from several recent fMRI studies 
on categorical perception of phonemes (Dehaene-Lambertz, et al., 2005; Joanisse, Zevin, 
& McCandliss, 2007; Liebenthal, Deasal, Ellingson, Ramachandran, Desal & Binder, 
2010). For the current study, the finding that the native Chinese speakers demonstrated 
differential activation in response to across-category and within-category deviants only in 
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6.2 Acquisition of lexical tones: data from Chinese language learners  
  
The results from learners of Chinese yield several interesting findings. The 
participants were advanced Chinese learners who were taking or had taken advanced 
Chinese courses at the time they participated in this study. None of them had exposure to 
Chinese before the age of 17. Chinese learners demonstrated that they perceived T1/T4 
and T2/T3 contrasts categorically, and showed robust discrimination peaks and sharp 
identification boundaries similar to native Chinese speakers. What was not predicted in 
the study hypotheses was that learners of Chinese performed significantly better on the 
discrimination tasks than native speakers of Chinese, although the boundary sharpness 
and width derived from the identification task were not significantly different between the 
two groups.  
The finding that learners of Chinese demonstrated higher discrimination rate is 
unexpected, but may provide some insights into the L2 processing of tone categories. For 
example, because the behavioral task focused on the conscious decision-making stage in 
tone discrimination on the basis of category prototypes, the fact that learners 
demonstrated more robust category-like perceptions than native Chinese speakers might 
be associated with the orientation of attention and the degree of emphasis placed on 
knowledge-driven, top-down modulations in their decision-making processes. In the 
context of the present study, “top-down” means that larger units (e.g. phonetic categories) 
exercise an influence over the way in which smaller ones (e.g. acoustic information) are 
perceived (Field, 2004). Since the learners recruited to the behavioral study were 
advanced learners taking intensive Mandarin courses in the foreign language program at 
Columbia University, where the instructor explicitly reinforced the labeling of the four 
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tones at every step of their instruction, they may have learned to allocate more attention 
to the categorical prototypes and acoustic cues associated with each of the four tones. 
This account accords with the findings of Swan and Myers (2013), who examined the 
effects of attention and phonetic awareness in learning of non-native phonemic 
categories. Swan and Myers found that, compared with listeners who were simply 
exposed to the target phonemes, learners who received explicit knowledge of category 
structures (e.g. category labeling and phoneme-grapheme correspondence) showed more 
category-like perception. A recent study using a similar behavioral paradigm investigated 
the effect of tone discrimination training on categorical perception of lexical tones by 
native English speakers, some of whom were musicians (Zhao, & Kuhl, 2015). No robust 
categorical perception was found in either musicians or nonmusicians after both groups 
completed two weeks of tone discrimination training. It was suggested that the formation 
of robust phonetic categories in adults might require extensive natural language input 
with multi-model information (e.g., multi-speakers, visual information, social interaction, 
etc.). The behavioral results from the current study support this view: advanced learners 
of Chinese recruited from a naturalistic classroom setting are able to behaviorally 
demonstrate robust categorical perception of lexical tones.  
The behavioral results from the learners of Chinese highlighted the considerable 
ability of adult learners to perceptually categorize and discriminate newly learned speech 
sounds. This finding is consistent with earlier studies that effective trainings in adulthood, 
after the purported offset of the sensitive period, can lead to improvements in nonnative 
speech sound perception (e.g. Logan, & Pruitt, 1995; Maye et al, 2002; Wang, & Kuhl, 
2003; Zhao, & Kuhl, 2015). What is unanswered by those training studies is where and 
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how the trainings might have affected the learners’ phonological systems (Werker, & 
Tees, 2005). Our ERP experiments looking at learners from similar language 
backgrounds offer some insights into these questions. In contrast to the behavioral results, 
Chinese learners did not demonstrate categorical effects at the pre-attentional automatic 
level of processing (indexed by elicitation of MMN) or the attentional level of processing 
(indexed by elicitation of P300). Interestingly, the learners exhibited significantly greater 
P300s than both native Chinese speakers and native English speakers, which suggested 
overall heightened sensitivity to pitch variations and enhanced attentional resource 
allocation, relative to native Chinese speakers and native English speakers (Polich, 2007). 
These findings suggest that the language learning experience has significantly enhanced 
these learners’ sensitivities to pitch variation, but it did not modify early automatic 
perceptual processing of tones to induce native-like categorical responses in early 
timeframes of auditory processing. 
The findings of this study also provide some insights into differences between L1 
and L2 phonological processing. Even though native Chinese speakers and learners of 
Chinese demonstrated similar categorical perception of tones behaviorally, their 
identification and discrimination responses might be supported by different neural 
mechanisms. The ability to map from continuous changes in acoustic features into 
discrete perceptual units at early automatic levels of perceptual processing is known to 
support speech comprehension (Bidelman, Morino, and Alain, 2013; Bidelman & Lee, 
2015).  Such categorical encodings were only observed in Chinese speakers, but not adult 
learners of Chinese. To compensate for this lack of early categorical encoding, learners 
may need to allocate more attentional resources, and categorize tones less efficiently in a 
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top-down knowledge-driven manner. This coincides with the finding that learners 
demonstrated more robust P300 amplitudes to both within-category and across-category 
deviants, a finding that has been associated with greater attentional resource allocation to 
a specific task (Polich, 2007). This additional attention requirement in lexical tone 
categorization may account for some of the difficulties that a L2 learner of Chinese 
encounters in speech comprehension. If phonetic categorization by adult learners is less 
efficient and requires more attention compared to native Chinese speakers, higher-level 
processes, such as lexical accesses, may also be more challenging to the learners. This 
view is consistent with earlier findings showing that L2 listeners performed with greater 
accuracy on acoustic-phonetic analysis tasks than on tasks involving lexical processes 
(SaBastián-Gallés, & Baus 2005, Díaz, Mitterer, Broersma, and SaBastián-Gallés, 2012). 
The findings of this study provide strong support for the Native Language Magnet 
(NLM) model (Kuhl, et al., 2004). For native Chinese speakers, sensitivities to 
information near the boundaries of lexical tone categories were heightened, while within-
category responses were attenuated. This phenomenon was observed as early as 200ms 
after the sounds enter the ear (as indexed by the MMN responses). The NLM model 
suggests that perceptual categorical reorganization occurs within the first year of 
development, yet the ability to perceive non-native phonetic information is not 
completely lost. Since the neural mechanisms involved in perceptual reorganization in 
early development may not be available to adult L2 learners, discrimination of non-native 
sounds may take more effort. In the current study, adult learners of Chinese did not show 
perceptual boundary effects at the early stages of speech processing, as indexed by MMN 
and P300 responses. Instead, they demonstrated heightened sensitivity to pitch variation 
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in general, which indicates a kind of neural modification to reflect the statistical and 
perceptual properties of lexical tones, in response to Chinese language experience. This 
neural modification appears to differ from that experienced by native Chinese speakers 
early in development.  
Similar to the NLM model, the PAM-L2 (Best & Tyler, 2007) posits that 
perceptual learning abilities remain available to adult language learners. However, under 
the PAM-L2 framework, rather than forming abstract perceptual categories based on 
phonetic-acoustic cues in L1 learning, adult learners are thought to extract invariant 
properties of articulatory gestures from L2 speech. The discrimination and categorization 
of L2 sounds therefore does not rely on the abstract phonological categories stored in 
long-term memory. Instead, perceptual objects are recognized on the basis of invariant 
articulatory gestures, together with listeners’ focus of attention and specific goals of 
perception. This approach provides some possible explanations for some findings of the 
current study. The absence of neurophysiological evidence of categorical encoding for 
Chinese learners might suggest a lack of abstract mental categories relevant to these 
speech sounds stored in long-term memory. Their successful behavioral categorization of 
lexical tones may be supported by extraction of invariants of articulatory gestures; such 
processing is effortful and attention-demanding.  
This is the first study to systematically investigate the categorization of L2 sounds 
using both behavioral and ERP measurements. The adult learners of Chinese 
demonstrated robust categorical perception of lexical tones at the behavioral level, 
comparable to native Chinese speakers, but they did not show neurophysiological 
evidence of categorical encoding of tones as indexed by MMN and P300 responses. This 
	  
`	   97	  
may be associated with the absence of abstract tone categories stored in long-term 
memory and a lack of efficiency in phonetic categorization, which in turn could help 
account for some of the difficulties in L2 speech perception. 
 
 
6.3 Future directions  
	  
As the first step in investigating perceptual modifications induced by the learning 
of tonal languages, the current study focused on adult Chinese learners in a fairly ideal 
foreign language classroom setting at Columbia University. In order to inform 
pedagogical approaches and educational policies, further investigations are needed. 
Participant variables could account for several important factors in language learning, 
including age of acquisition, length of stay in native language environment, quality of 
instructions, and proficiency level. The learner participants in this study have similar 
language backgrounds. Further study should expand the participants number to include 
learners with different proficiency levels and learning experiences, and investigate how 
early categorical encodings are associated with behavioral performances and different 
kinds of learning experience.   
The current study has successfully established some similarities and 
dissimilarities between L1 and L2 lexical tone processing. The adult learners of Chinese 
showed a lack of categorical encoding of lexical tones at the early stages of processing, 
which may cause the tone processing to be more effortful. The question arises as to 
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whether learners of Chinese can eventually establish native-like categorizations of lexical 
tones with longer learning experience or immersion programs.  
Another interesting aspect of the acquisition of lexical tone languages is how 
tones are integrated within mental lexicons. Another ERP component, the N400, is 
associated with the processing of semantic meanings of words. Earlier studies have 
shown that semantic violations induced by tonal information and segmental information 
were similar to each other for native speakers of tonal languages, suggesting that lexical 
tones and phonemic information are accessed at the same time during semantic 
processing (Brown-Schmidt, & Canseco-Gonzales, 2004; Shirmer, et al., 2005). A similar 
paradigm could be used to investigate whether learners of Chinese can establish native-
like tonal accesses during semantic processing. 
In conclusion, this study systematically investigated categorical perception of 
Mandarin tones by listeners with different language experiences. The findings provide 
some potentially valuable insights into L2 speech perception. Further investigations are 
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APPENDIX 1 
	  
1 - Background questionnaire  
 
Language Background Questionnaire for Native Chinese Speakers  
 
(This information will be kept confidential.)  
 
Participant research ID number: _________ 
Initials: _________________________ 
 
1. Country of origin: ____________________________________ 
2. Age:_________________________________ 
3. If you were not born in the U.S., how long have you lived in the U.S. for?  
___________________________ 
4. At what age did you begin to learn English? ____________________ 
5. Is Mandarin Chinese your native dialect? _____ If not, what is your native 
dialect?____________________  
6. At what age did you begin to learn Mandarin Chinese? ___________________ 
7. What language did you use when speaking with your parents/caregivers? English           
Chinese               other ________________ 
8. What Language did you use when speaking with your friends and classmates?  
English           Chinese               other ________________ 
9. If you speak languages other than English and Chinese, please describe your proficiency 
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Language Background Questionnaire for Native Chinese Speakers  
 
(This information will be kept confidential.)  
 
Participant research ID number: _________ 
Initials: _________________________ 
 
1. Country of origin: ____________________________________ 
2. Age:_________________________________ 
3. If you were not born in the U.S., how long have you lived in the U.S. for?  
___________________________ 
4. Is English your first language?    Yes / No  
5. Do you speak any other languages?   Yes / No  




7. What language did you use when speaking with your parents/caregivers? English         other 
________________ 
8. What Language did you use when speaking with your friends and classmates?  
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Language Background Questionnaire for Chinese Language Learners 
 
(This information will be kept confidential.)  
 
Participant research ID number: _________ 
Initials: _________________________ 
 
1. Country of origin: ____________________________________ 
2. Age:_________________________________ 
3. Level of Chinese language course you are currently enrolled in 
1N        2N         3N          Business Chinese         Media Chinese      other________ 
4. If you were not born in the U.S., how long have you lived in the U.S. for?  
___________________________ 
5. At what age did you begin to learn English? ____________________ 
6. At what age did you begin to learn Chinese? ___________________ 
7. What language did you use when speaking with your parents/caregivers? English           
Chinese               other ________________ 
8. What Language did you use when speaking with your friends and classmates?  
English           Chinese               other ________________ 
9. If you speak languages other than English and Chinese, please describe your proficiency 
level and years of learning.   
 
 
10. How many hours of Chinese language instruction did you receive every week?  
1-2 hours          3-4 hours      5-6 hours    7-8 hours    above 8 hours  
11. On average, how many hours do you spend on studying Chinese on your own each week?  
None     1-2 hours          3-4 hours      5-6 hours    7-8 hours    above 8 hours  
12. Did you receive Chinese instruction outside the Chinese program at Columbia University? 
(e.g. private tutor/classes at Confucius Institute)   Yes  /  No  
13.  If YES, could you please describe the Chinese language instruction you receive, and how 
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14. Do you use Chinese to obtain information or entertainment, such as news articles and 
movies? If YES, could you please briefly describe your experience?  
 
 
15. Have you ever been to a Chinese-speaking country? Yes / No  
16. If YES, what is the purpose of your most recent trip to this country?  
Travel            Columbia U summer program     Exchange student    
Other________________________ 
17. Which city(s) did you stay in? ________________________ 
18.  What was the length of your stay in this country? ________________ 
19.  If you have traveled to Chinese-speaking countries multiple times, please briefly describe 





20. Did you receive any formal music instruction?   Yes/No.     
If YES, please briefly describe your music learning experience. (e.g. what instrument do you 
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APPENDIX 2  
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APPENDIX 3  
	  
3.1. Language Background of Chinese language learners – EEG study  
	  






































1233 English 25 4 18 5~6 5~6  yes 
7 
month Spanish  
1234 English 19 2 18 5~6 3~4 no   Spanish 
1207 
(35) English 20 3 17 5-~6 8~9 yes 
2 




Russian 24 3.5 20 5~6 3~4 no     
1248 English 19 2 17 3~4 3~4 yes 
1 
month Spanish 
1250 English  21 2 19 5~6 1~2 yes 
1 
month Korean 
1254 English 26 4 20 5~6 5~6 yes 
12 
month   
1246 
(34) English 21 3 18 5~6 3~4 yes  
1 
month Japanese  
1256 
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Korean 20 2 18 5~6 3~4 no     
17 English 20 3 17 5~6 7~8 yes 
6 
month   
19 
English/ 
Russian 23 3 20 5~6 3~4 no     
23 English 27 2 26 5~6 3~4 no   Japanese 
28 English 26 4 23 5~6 5~6 yes 
2 
month Japanese 
29 English 24 3 18 5~6 5~6 no   Spanish 
31 English 24 3 18 5~6 1~2 yes  
12 
month German 
33 English 27 4 19 5~6 5~6 yes  
12 
month German 
34 English 21 3 18 5~6 3~4 yes  
1 
month Japanese  
35 English 20 3 17 5-~6 8~9 yes 
2 
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APPENDIX 4 
4 -  Behavioral Identification Instruction  
 
Identification task 1- T1/T4   
 
Identification task 2- T2/T3   
 
	  
